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Abstract 


This work contributes to the improvement of renewable energy competitiveness over conven- 
tional fossil and nuclear energy sources. It highlights how the costs and CO»-emissions of 
land-based wind turbines can be reduced as a result of an innovative and material efficient sup- 
port structure concept. The fundamental approach for the concept is to place the yaw system 
at the tower base, allowing the whole wind turbine tower to be rotated so that it always has 
the same alignment as the rotor. This achieves a load-direction-derived design for the tower 
through which material is saved. This work indicates that the material saving potential of a 
rotatable elliptical tower compared to a conventional circular one is limited. The reason for that 
is found in the transport constraints through bridges and tunnels, which apply likewise to ellip- 
tical tubular towers. A rotatable lattice tower is more convenient because its size is not limited 
through transport, and lattice towers are material saving concepts for the trend to larger hub 
heights. This work shows that the ability to rotate the tower enables wider leg distances along 
the blades passing lattice tower section, whereby local member loads are reduced, and material 
can be saved. Furthermore, a tower inclination against the main wind direction was introduced 
to induce counter acting moments, which reduce the extreme loads and achieve more material 
savings. Moreover, a vertical rotor alignment was realized through the increased blades tip 
distance to the inclined tower and the wind turbine became more efficient. The potential of the 
rotatable inclined lattice tower concept was analysed by means of aero-servo-elastic load simu- 
lations in the FAST environment. Since the convenient linear beam finite element submodule, 
SubDyn, had no capability to represent other member cross sections than circular ones, it was 
adjusted. In the present case, the beam element stiffness and mass matrix formulations had to be 
changed to account for arbitrary cross sections. Furthermore, the direction cosine matrices had 
to be expanded to provide the control over lattice member alignments around their length axes. 
A validation of the general aero-servo-elastic analysis procedure and the changes in SubDyn 
ensured reliable results. 


The aero-servo-elastic load simulations and an appropriate load post processing are the main 
tools for a rotatable inclined lattice tower design according to IEC 61400-1 and to DNV GL 
standards. This includes the consideration of relevant design load cases and the ultimate, the 
fatigue, and the serviceability limit states. A balance between saved material costs, tower top 
yaw system costs, increased wind turbine efficiency, and increased tower base yaw system and 
foundation costs revealed significant cost savings. Under the assumptions made, the savings 
of the rotatable inclined lattice tower amounted to 45 k€ at 80 m to 768 k€ at 175 m hub 
height compared to the most cost-effective conventional alternatives for a 5 MW reference 
wind turbine. This implies 8 % and 49 % in cost savings and indicates the big economical 
potential of land-based innovative rotatable inclined lattice towers for larger hub heights under 
transport constraints. 


iii 


Kurzfassung 


Diese Arbeit tragt zur Verbesserung der Wettbewerbsfahigkeit erneuerbarer Energien gegenüber 
konventionellen fossilen und nuklearen Energiequellen bei. Sie zeigt auf, wie die Kosten 
und CO2-Emissionen von Onshore-Windenergieanlagen durch ein materialeffizientes und in- 
novatives Tragstrukturkonzept reduziert werden kónnen. Der grundlegende Ansatz für das 
Konzept besteht darin, das Giersystem am Turmfuß zu platzieren, sodass der gesamte Turm 
der Windenergieanlage gedreht werden kann und er immer dieselbe Ausrichtung wie der Rotor 
hat. Dadurch wird für den Turm ein von der Lastrichtung abgeleitetes Design móglich, welches 
Materialeinsparungen zur Folge hat. Diese Arbeit offenbart, dass das Materialeinsparpotenzial 
eines drehbaren elliptischen Turms im Vergleich zu einem konventionellen runden Turm be- 
grenzt ist. Der Grund dafür liegt in den Transportbeschränkungen durch Brücken und Tunnel, 
die ebenfalls für elliptische Rohrtürme gelten. Ein drehbarer Gitterturm ist somit eine gute 
alternative, da seine Größe nicht durch den Transport begrenzt ist und Gittertürme ohnehin 
materialsparende Konzepte für den Trend zu größeren Nabenhóhen sind. Die Arbeit zeigt, dass 
solch ein Turm größere Stielabstände entlang des oberen Turmabschnitts, an dem die Rotor- 
blätter passieren, ermöglicht. Hierdurch wird die Belastung der Stäbe reduziert und Material 
eingespart. Darüber hinaus wurde eine Turmneigung gegen die Hauptwindrichtung einge- 
führt, um gegenwirkende Momente zu induzieren, die die Extremlasten reduzieren und noch 
mehr Materialeinsparungen erzielen. Außerdem wurde eine vertikale Ausrichtung des Rotors 
durch den erhóhten Blattspitzenabstand zum geneigten Turm erreicht, wodurch die Effizienz der 
Windenergieanlage zunahm. Das Potenzial des drehbaren geneigten Gitterturmkonzepts wurde 
mittels aero-servo-elastischer Lastsimulationen in der dafür gut geeigneten FAST-Umgebung 
analysiert. Da das Subdyn-Modul mit seinem Linearen-Balken-Finite-Elemente-Ansatz keine 
anderen Querschnitte als kreisfórmige repräsentieren konnte, wurde es angepasst. Im vor- 
liegenden Fall mussten die Balken Steifigkeits- und Massenmatrixformulierungen geündert 
werden, um beliebige Querschnitte zu berücksichtigen. Außerdem mussten die Richtungskos- 
inusmatrizen erweitert werden, um die Ausrichtung der Balkenelemente um ihre Längsachsen 
zu steuern. Eine Validierung der aero-servo-elastischen Lastberechnung und der nótigen An- 
derungen in SubDyn stellten die Zuverlässigkeit der Ergebnisse sicher. 


Die aero-servo-elastischen Lastsimulationen und eine geeignete Transformation der Lasten 
in Ausnutzungsgrade sind die Hauptwerkzeuge für die Auslegung eines drehbaren geneigten 
Gitterturms gemäß IEC 61400-1 und den DNV GL-Standards. Dies beinhaltet die Berück- 
sichtigung relevanter Lastfalle und der Grenzzustände der Tragfähigkeit, der Ermüdung und 
der Gebrauchstauglichkeit. Eine Bilanzierung zwischen eingesparten Turmmaterialkosten, 
eingesparten Kosten für das Giersystem am Turmkopf, Mehreinnahmen durch die erhóhte Ef- 
fizienz der Windenergieanlage sowie erhöhten Kosten für das Giersystem am Turmfuß und 
den erhóhten Fundamentkosten ergab signifikante Kosteneinsparungen. Unter den gemachten 


Kurzfassung 


Annahmen beliefen sich die Einsparungen des drehbaren geneigten Gitterturms auf 45.000 
Euro bei 80 m bis 768.000 Euro bei 175 m Nabenhóhe, im Vergleich zu den kostengünstigsten 
konventionellen Alternativen, für eine 5 MW Referenzanlage. Dies bedeutet entsprechend 8 % 
und 49 9o Kosteneinsparungen und zeigt das enorme wirtschaftliche Potenzial von innova- 
tiven drehbaren geneigten Onshore-Gittertürmen mit groben Nabenhóhen unter den üblichen 
Transportbeschränkungen. 
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Nomenclature 


The following list shows the abbreviations, greek symbols, latin symbols, mathematical sym- 
bols, and relevant FAST environmental Parameters, which were used and likewise described in 
this work. Not contained abbreviations and symbols are explained throughout the text. 


Abbreviations 
lp, 3p 
ASE 
BEM 
BU 
C1-C6 
DNV GL 
DOF 
ECD 
EDC 
EOG 
ETM 
EWM 
EWS 
FA 
FAST 
FMD 
GEBT 
HiFIT 
LDD 
NREL 
NTM 
NWP 
RILT 
RNA 


one-per-revolution and three per revolution 
aero-servo-elastic 

blade element momentum 

buckling 

design cases as given in Table 9.3 

Det Norske Veritas Germanischer Lloyd 
degree of freedom 

extreme coherent gust with wind direction change 
extreme direction change 

extreme operating gust 

extreme turbulence model 

extreme wind model 

extreme wind shear 

fore-aft 

fatigue, aerodynamics, structures, and turbulence 
flexible multibody dynamics 

geometrically exact beam theory 

high frequency impact treatment 
load-direction-derived 

National Renewable Energy Laboratory 
normal turbulence model 

normal wind profile 

rotatable inclined lattice tower 


rotor nacelle assembly 


xiii 


Nomenclature 


SS side-side 

TP transition piece 

UIT ultrasonic impact treatment 

WndDir horizontal wind direction with 0 deg along the global x-axis and mathemat- 
ical positive anti-clockwise rotation around the upwards pointing z-axis 

YS yield strength 

Greek Symbols 

a power law exponent / buckling curve dependent imperfection coefficient 

a, b, y beam element node rotations 

aı curve linear coordinate 

Q'AoA angle of attack on an aerodynamic profile 

aB bracing angle 

Q'cr relation of the design load to the ideal buckling load 

apc blade precone angle 

QST rotor shaft tilt 

QTI tower inclination angle 

QTT tower taper angle 

Qc steepness of prescribed yaw acceleration curve 

PFTB flexural-torsional buckling coefficient 

X column buckling reduction factor regarding the considered buckling curve 

Ac stress range 

AC found. foundation cost increase 

Aleit additional money income through vertical rotor alignment 

Nmech.> elec. mechanical and electrical efficiencies 

yt patial safety factor for the type of loads 

YM3(,ser) partial safety factor to account for the kind of a joint connection 

Ym patial safety factor for the material 

Yn patial safety factor for the consequences of failure 

Vox» Yzy cross sectional shear strains in along its x and y directions 

Kx, Ky beam curvature around x and y axes 

Kz beam torsional twist rate 

A lattice structure slenderness 

Ay turbulence length parameter 

ay slenderness to evaluate the slenderness ratio 


friction coefficient / expected statistical value / viscosity coefficient 


Y kinematic viscosity 


xiv 


Nomenclature 


e œl E 


P(X, y, 20) 
y 


Wa 


Oy 
Ox,d, Oy,d 
Ox,Rd 


Td 


Op,1 


angular frequency / sectorial area 

slenderness ratio of a column buckling member 

function for evaluation of y / Euler angle 

velocity potential function 

Euler angle 

reduction factor to account for finite tower slenderness 

density 

statistic variance 

standard deviation of turbulence in longitudinal, lateral, and upward direc- 
tion 

circumferential buckling stress 

mean normal stress on the towers tensile side 

mean normal stress due to structural weight 

mean normal stress 

standard deviation of the turbulence 

design normal stresses in x- and y-direction 

meridian buckling stress 

design shear stress 

shear buckling stress 

Euler angle 

wind speed increase for an ECD 

extreme direction change angle 

mxm diagonal matrix, which represents the eigenfrequencies of the retained 
Craig-Bampton eigenmodes 

transformation matrix for the interior node DOFs with respect to the rigid 
body interface motions 

transformation matrix between the Craig-Bampton reduced generalized 
DOFs and the original interoir nodes 

eigenvector of a system 

factor in dependence of fy 

cross sectional axial strain 


lattice structure member density / leg cross sectional angle / angle of attack 
on an aerodynamic profile 


demanded blade one pitch angle positive clockwise around the blades pitch 
axis looking from its tip to its root 


critical damping ratio 


XV 


Nomenclature 


c(HD) 
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1 Introduction 


1.1 Historical Background 


For thousands of years, humans have been using the wind to sail, pump water, or mill grain with 
windmills. Post windmills, such as in Figure 1.1 were exclusively built to mill grain. A yaw 
bearing was placed at the top of the first third of the whole support structure. It was required 
for the correct rotor alignment with respect to the wind direction. The upper rotatable support 
structure part was used to provide enough space for the millwork(8), the meal floor(14), and 
other mill components(7, 9-13). Thereby, the rotatable support structure was simultaneously 
working as the nacelle to contain the cog wheel (1), the wind shaft (3), and other drive train 


components (2, 3-6). 


Figure 1.1: Construction of a post windmill [75] 
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The first systematically developed electricity-producing wind turbine (WT) was built in year 
1891 by Poul La Cour in Askov, Denmark [92]. Its support structure consisted of a wooden 
lattice tower on top of a house. Because the meal room was not more necessary, the yaw 
bearing could be put on top of the tower. Therefore, the ratio of tower height to nacelle height 
increased drastically. This work focusses on WTs with rotatable support structures in which 
historical grain milling windmills may be seen as precedent case for this approach. 


1.2 Motivation 


The overarching motivation is to increase WTs competitiveness to conventional fossil and 
nuclear using energy sources. A major aspect to make renewable energies more attractive is 
their economical feasibility. Therefore, their efficiency has to be improved and their costs have 
to be reduced. System costs of multimegawatt WTs are assembled out of costs for components, 
their maintenance, erecting, and transport. Considering the favouring of larger hub heights 
in tendering procedures for modern land-based WTs in Germany [191], rising system costs 
are the consequence. Especially the support structure contribution can amount to more than 
30 9o of the WT system costs [77]. Problems arise with transport of conventional steel towers 
where the diameter restriction of 4.3 m caused by bridges and tunnel clearance constraints 
forces uneconomical great wall thicknesses to meet the design requirements. Besides economic 
aspects, the environmental impact of WT support structures has likewise to be considered. This 
becomes clear by assuming for example 2.8 t of CO2-emissions per produced ton of steel [148]. 
Answers of the industry to these challenges may include alternative tower concepts, such as 
hybrid steel-concrete, pre-tensioned concrete, guyed, wooden, and lattice towers. Each of 
them has its own advantages and disadvantages, such as discussed in the books from Faber 
et al. [71], Hau [92], Gasch [77], and Manwell, McGowan, and Rogers [137]. The lack of 
sufficient conceptual answers to economic and environmental requirements motivates the call 
for new material saving WT support structures. Therefore, the next section introduces to the 
concept of a rotatable tower for land-based WTs and shows, how it should meet these cost and 
environmental requirements. 


1.3 Problem Description 


The concept of a rotatable WT tower requires the yaw system to be at the bottom of the tower 
instead on the top of it. This implies that the rotor nacelle assembly (RNA) aligns to the wind 
direction together with the whole tower. For convenience one can identify two directions: the 
fore-aft (FA) and the side-side (SS) direction where FA is orthogonal to the rotor plane and SS 
is parallel to it, such as shown in Figure 1.2. 


1.3 Problem Description 


fore-aft side-side 
+-1----H-> +-- 


hub height 


yaw 


system 


Figure 1.2: Moving the yaw bearing of a WT form the tower head to the tower base. 


Such a fixed tower-to-RNA configuration achieves several benefits, but has likewise its chal- 
lenges. One of the big issues with this approach lies in the concept and design of the yaw 
system, especially by considering the huge thrust forces at the top of the tower and the long 
lever arm, which result in big bending moments at the tower base. The yaw bearing must 
not only withstand these enormous bending moments and the self-weight of the structure, but 
must also provide sustainable rotation, combined with minimum tower tilting for all design 
load cases (DLCs). On the other hand, material savings of the rotatable tower, which achieve 
cost and CO -emission savings compared to a fixed tower may overcome the increased costs 
for such a yaw system. Material savings can be achieved in the case of different shear forces 
and bending moments with respect to the local rotatable tower coordinate system. Aero-servo- 
elastic (ASE) load simulations by Jonkman [110] for the land-based 5 MW National Renewable 
Energy Laboratory (NREL) definition WT show such different ultimate load magnitudes for 
the FA direction compared to the SS direction. This NREL WT is a conventional three-bladed 
upwind variable-speed variable blade-pitch-to-feather-controlled turbine. ASE investigations 
of the 10 MW Denmark Technical University (DTU) reference WT indicate the same, even for 
damage equivalent fatigue loads of the tubular tower [5]. In these studies, the shear forces in 
FA direction and the bending moments around the SS axis, defined as FA loads, were larger as 
the shear forces along the SS direction and the bending moments around the FA axis, defined 
as SS loads. Both studies consider a set of DLCs, which are identified to be tower design 
driving for the most horizontal WT configurations. But other results are possible, especially if 
vortex-induced vibrations of tubular towers lead to great SS loadings. However, the assumption 
of lower SS loads than FA loads indicates that smaller second area moments of inertia around 
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the FA axis are sufficient, thus material can be saved. Such direction dependent stiffness and 
changed mass distributions along the tower lead to two different bending modes with lower 
natural frequency around the FA axes. This property has to be mentioned for the proposed 
operational range and within corresponding control strategies. Other advantages of rotatable 
towers are better transportability through bridges and tunnels due to their tendency for elongated 
more flat tower profiles and improved yaw system maintenance accessibility. Dependent on 
the yaw system design it is imaginable to exchange the whole bearing without dismounting the 
tower and RNA. This can be done by heaving the whole turbine with hydraulic presses, while 
the tower is guyed and would save crane costs. Lower aerodynamic tower drag may also be 
possible along the FA direction by means of aerodynamic profiles, but can lead to additional 
lift forces in case of skewed inflow. DLCs which account for a yaw system failure and the 
wind has a skewed or perpendicular inflow angle to the WT may be dangerous and have to 
be analysed within ASE load simulations. Nevertheless aerodynamic cross sections have the 
potential to reduce the tower dam effect and improve the tower shadow behaviour in case of 
downwind WTs. This work discusses these aspects in more detail and shows the development 
and analysis of an even more effective rotatable tower concept, than the typical suggestions of 
an elliptical or aerodynamically shaped tower cross section. 


1.4 Limitations 


The goal of the present work is to discuss the technical and economical feasibility of WTs with 
rotatable support structure. Since not many scientific works mentioned this concept before, 
this work has first to deal with a conceptual comparison of potential rotatable support structure 
solutions. Afterwards a deeper analysis is presented for the rotatable inclined lattice tower 
as one of several possible approaches. The preliminary nature of this work and its limited 
scope hindered more detailed investigations with respect to the yaw system, the foundation, the 
machinery bed at the tower top and the lattice tower joints, even though each of these aspects is 
mentioned throughout the work. Since the applied complex ASE simulations and their results 
depended not only on the support structure, but also on other parts, the environment, and the 
control system, many more short cuts had to be introduced to keep the size of the work within 
certain borders. For example, not all design load cases were considered, but the ones, which 
pointed out by the literature and own experience as being relevant. Furthermore, the tower 
assessment was primary done according to the IEC 61400-1 and only partially according to the 
more sophisticated DNV GL-standards. Control system adjustments for transient WT events 
were carried out on a simple level to decrease the loads for a rotatable WT support structure. 
Therefore, many improvements and deeper investigations in following scientific works are 
conceivable. 


1.5 Document Structure 


1.5 Document Structure 


This section provides a short overview of the content in each chapter. 


Chapter 1 - Introduction 

Chapter 1 contains the historical background of grain milling windmills as precedents of the 
proposed rotatable WT tower concepts. A following motivational part explains why new 
material and cost saving tower concepts are required. A subsequent problem description 
introduces to some fundamental aspects of rotatable WT tower concepts. In the end, some 
limitations and the document structure of this work are presented. 


Chapter 2 - State of the Art 

Chapter 2 presents all fundamental basics and knowledge requirements for this work. It contains 
a short introduction to wind energy conversion and repeats the necessary tower and foundation 
assessment aspects. Afterwards, some WT tower related subjects are introduced, such as its 
manufacturing technology, transport and erection. The yaw system is likewise explained on 
the surface, because it is not the focus in this work. A more detailed introduction is given to 
lattice towers, because the more investigated concept in this work is a structure out of lattice 
members. For the structural analysis, the load evaluation is presented as one important aspect 
and followed by a literature research about rotatable support structures for WTs and related 
technology trees of other industry sectors. 


Chapter 3 - Load Analysis of Conventional Designs 

Chapter 3 shows the methodological approach for the chapter and partially for this work. It 
focusses on conventional WTs and introduces the reference WT and their analytically evaluated 
loads. After a complementary literature research about tower loads, the own ASE load analysis 
of the reference WT is carried out and validated. 


Chapter 4 - Load-Direction-Derived Support Structures 

Chapter 4 introduces to fundamental aspects of load-direction-derived support structures with 
the focus on rotatable WT towers. After a definition of the term load-direction-derived, tower 
base yaw systems and corresponding foundations are presented and discussed. Afterwards, the 
structural and aerodynamic properties of rotatable towers are explained. The end of the chapter 
shows the concept evaluation method for a rotatable tower. 


Chapter 5 - Rotatable Tubular Concepts 

Chapter 5 analyses tubular rotatable tower concepts and starts with a comparison of possible 
shapes. Afterwards, a more detailed analysis of an elliptical tower shape reveals its potential in 
terms of material savings. In the end, some additional tubular concepts are introduced. 


Chapter 6 - Rotatable Inclined Lattice Tower Concept 
Chapter 6 explains the favoured rotatable inclined lattice tower concept in this work. It starts 
with the cross sectional concept of the lattice tower, followed by the new aspect of tower 
inclination, and ends by other possible concept proposals. 
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Chapter 7 - Rotatable Inclined Lattice Tower Design 

Chapter 7 introduces to the more detailed rotatable inclined lattice tower design and explains 
its parametric specifications. The end contains a short subsection about the general design as 
an iterative process. 


Chapter 8 - Modelling the Rotatable Inclined Lattice Tower in FAST 
Chapter 8 treats the modelling of the tower in the ASE load simulation environment. Therefore, 
the necessary adjustments in the source code are explained and the afterwards modelled tower 
in SubDyn is validated through a parallel modelling approach. The end of the chapter contains 
the implementation of the SubDyn model in the ASE load simulation framework of FAST, the 
corresponding adjustments in FAST, and the SubDyn simulation settings. 


Chapter 9 - Structural Analysis of a Rotatable Inclined Lattice Tower 

Chapter 9 treats the whole structural analysis of the rotatable inclined lattice tower. It starts with 
the definition of design parameter values. A following modal analysis of the structure is carried 
out before the actual ASE simulation of IEC 61400-1 load cases. After the post processing of 
the loads, the ultimate, fatigue, accidental, and serviceability limit state are checked to ensure 
the integrity of the structure over its lifetime. 


Chapter 10 - Potential of Rotatable Support Structures 

Chapter 10 provides the potential analysis of the rotatable inclined lattice tower with respect to 
its costs. Therefore, material savings are evaluated first to calculated the corresponding CO; 
and cost savings. The next two subsections determine the increased WT efficiency through 
tower inclination and provide an estimation of tower base yaw system costs. In the end, the 
economical potential is analysed by balancing the cost savings, additional money income, and 
additional costs of the rotatable inclined lattice tower. 


2 State of the Art 


2.1 Fundamentals of Wind Energy Conversion 


This section gives a brief overview about WT technology, whereby subsection 2.1.1 gives 
a short introduction to wind as energy resource, subsection 2.1.2 explains the fundamental 
physics of wind energy conversion, and subsection 2.1.3 presents some main WT components 
and its functions. More detailed introductions into wind energy technology may be read 
in [77], [92], [71], and [137]. 


2.1.1 Wind 


According to Manwell, Mcgowan, and Rogers [137, p. 24] the sun is one origin for wind, which 
heats earthly surfaces differently due to its solar radiation. A corresponding pressure gradient 
in the air with different temperatures forces the air to move from high pressure zones to low 
pressure zones. Another reason for air to move is the earth's rotation. Its circumferential speed 
amounts to 1670 km/h at the equator and decreases to zero at the poles [ibid.]. In the smaller 
scale the earth's surface roughness influences the vertical gradient of the horizontal wind speed, 
such as being relevant for WTs assessment, discussed in section 2.2. An appropriate measure 
for wind resource potential gives the wind power density Py/Agisc, which results out of the 
wind mass flow dm/dt = m = Pair Adisc Vw through a disc with an assumed area of Agi; = 1 m?. 
Py, is the rotor power, m is the mass of an air particle, t is time, pai; is the air density, and Vy is 
the wind speed. 

WF Eee He pir Ve 2.1) 
Since Equation 2.1 shows that the wind speed contributes to the power of 3 to the wind power 
density, it is one of the most important factors to chose an appropriate WT site. Figure 2.1 
shows therefore the mean wind speed of some European countries in altitudes of 50 m above 
the ground. From that it is clear that sea sites provide the highest wind power potential, but 
they require cost intensive WT support structure concepts, expensive mounting on site, and 
they introduce higher maintenance costs to the WT. However, land-based WTs have still their 
justification, especially if they use innovative more economic tower concepts for larger hub 
heights, which overcome transportability problems, such as discussed throughout this work. 
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Figure 2.1: Mean wind speed over 10 years in 50 m above ground of European countries [66] 


2.1.2 Wind Energy Conversion 


stream tube boundary 


Figure 2.2: Actuator disc model of a WT in stream tube according to Betz [12] 


The Betz [12] model, indicated in Figure 2.2, may be used to describe rotor thrust, rotor power, 
and the effect of the local wind field before and behind an ideal rotor disc. A corresponding 
derivation of the one-dimensional Momentum Theory by Betz can be reviewed in Manwell, 
McGowan, and Rogers [137, p. 92-96]. It is limited to homogeneous, incompressible, steady 
state fluid flow where its static pressure far before and behind the WT is equal to the ambient 
pressure. Furthermore, no frictional drag, an infinite number of blades, uniform thrust over the 
rotor area, and a non-rotating wake is assumed. The thrust force T is obtained by conservation 
of the linear momentum in the mass flow m = Pair, A1 Vi = pair A4 Va where pair; is the air 
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density, A; is the cross sectional area, and i denotes the corresponding section in the stream 
tube so that 
T = m(Vi — V4) (2.2) 


By application of the Bernoulli function, one can write Equation 2.2 with respect to the actuator 
disc area A> as 


T- Lp A (V - vz) (2.3) 


In this simple model the wind speed at the actuator disc is the average between the upstream 
and downstream wind speeds according to 


Vi + V4 
WV = —— (2.4) 
2 
An axial induction factor a is introduced to describe the wind speed as fractional decrease of 
the wind speed V; in free stream condition with respect to the wind speed V, at the rotor disc 
according to Equation 2.5. 


V-V 
= 2.5 
a V Q.5) 
Using Equations 2.4 and 2.5 in 2.3 results to 
1 2 
T= jf A» V; [4 a(1— a)] (2.6) 
and the thrust coefficient cr is defined as 
T Thrust F 
ae Ze ee (2.7) 
1 SA Dynamic Force 
2j Vy Ag 


The rotor power P is calculated by multiplication of the thrust force with the wind speed at the 
rotor disc and gives 


1 
P= zP? A» VA4all-a) (2.8) 
where the power coeflicient cp is defined as 
P Rotor P 
cp = = a di atl =ay (2.9) 
1 3 Wind Power 
a2 Vj As 


2 


The zero equalized derivative of the power coefficient in Equation 2.9 with respect to a reveals 
the maximum! theoretical power coefficient of cp max = 16/27 ~ 0.59 at an axial induction 
factor of a = 1/3. Inreality properties, such as the rotation of the wake behind the WT, tip losses, 
associated with a finite blade number, and non-zero aerodynamic drag cause a reduced power 
coefficient. Using an induction factor of a = 1/3 in Equation 2.7 results to a corresponding 
thrust coefficient of crmax = 8/9. Note that the overall WT efficiency can be calculated by 


! This theoretical maximum power coefficient is likewise known as Betz limit. 
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multiplication of the power coefficient with the mechanical efficiency 7mech., Which accounts 
for gear box and bearing friction heat dissipation and with the electrical efficiency helec., which 
accounts for losses in the generator, power electronics, and cables. 


A rotating wind wake behind the WT is not assumed in the previous consideration. More 
realistic approaches include the kinetic energy, which is lost by the rotor and given to the now 
partial rotating wind field behind the WT. This wind field may be seen as annual control volume 
around the rotor where the angular momentum loss is calculated for. Detailed explanations 
may be read in [137, p. 96-101] and are not given in this work. 


Current rotor designs are established by means of the more exact Blade Element Momentum 
(BEM) Theory. In this approach the conservation of linear and angular momentum is combined 
with an analysis of forces and moments at rotor blade sections [137, p. 117]. Since it reveals 
more information about blade loads and provides flexibility to include more sophisticated 
aerodynamic models, such as tip loss as result of a finite blade number, wake rotation, and 
radial airflow along the blade, it is used in many aero-servo-elastic (ASE) simulation tools, such 
as explained in subsection 2.8.2. Detailed explanations of the previously mentioned aspects 
may be reviewed in [137, p. 115-145]. 


2.1.3 Wind Turbine Components 


A conventional modern WT consists out of the RNA and its support structure, shown in 
Figure 2.3. From a constructive point of view the support structure is counted to the discipline 
of civil engineering. Possible and already built tower concepts are friction joint tubular steel, 
slipformed concrete, hybrid concrete, lattice steel, covered lattice wood, guyed tubular steel, 
and the most common tubular steel towers. A review of the literature, proposed in section 2.1 
and the CO2/weight/cost comparison in subsection 4.5 for a comparison between different non- 
rotatable tower concepts is encouraged. The foundation of the support structure must resist the 
overturning moment caused by the aerodynamic loads on the WT and must have a sufficient 
strength and stiffness, which depends amongst other things on the soil properties. Depending 
on the soil properties different foundation types are conceivable. Flat slab foundations are 
the standard with round or polygonal concrete footings. For weak soils pile foundations gain 
stability by reaching load-bearing ground layers [92]. 
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Rotor hub and Rotor brake 
blade pitch mechanism 


Elektrical switch boxes 
and control systems 


Figure 2.3: Complete exemplary wind turbine with conventional tubular steel tower and gravity slab foundation from 
Hau [92, p. 73] 
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A more detailed picture of the RNA is given in Figure 2.4. The machine foundation (17) is 
mounted on the yaw bearing (16), which is bolted to the top of the tower. As reaction to 
changing wind directions the necessary RNA's alignment to the wind will be realized by the 
yaw drives with its gears (18). To control the power output and the loads modern WTs have 
the additional ability to pitch their blades (12) with help of their pitch mechanism (1, 2, and 
13). The blade carrying hub (3) rotates relatively slow with high aerodynamic torque. From 
the rotor the power is led into the gearbox (6) over the main shaft (4) where it is transformed 
to a lower torque with higher rotational speed on the high speed shaft (19) for the generator 
(20 and 21). The transformer brings the electric voltage on a reasonable level for the whole 
wind farm to feed it into the grid. A breaking (7, 14, and 15) and cooling (5) system ensures 
operational safety and ultra-sonic sensors (10) help to measure the wind properties. Modern 
WTs are connected to a computational network (9) to collect data and to provide an interface 
to external WT control. For maintenance services a crane (8) helps to manage heavy weight 
components. 


10 8 6 4 2 
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\ 
\ 
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\ 
18 (5.1 4s 14 45 12 


Figure 2.4: Vestas V80-2 MW wind turbine nacelle components. 1. hub controller, 2. pitch cylinder, 3. blade hub, 
4. main shaft, 5. oil cooler, 6. gearbox, 7. parking brake, 8. service crane, 9. VMP-top controller with 
converter, 10. ultra-sonic sensors, 11. transformer, 12. blade, 13. blade bearing, 14. rotor lock system, 
15. hydraulic unit, 16. yaw ring, 17. machine foundation, 18. yaw gears, 19. composite disk coupling, 
20. OptiSpeedTM.generator, 21. generator cooler. Picture from [28] and description of the components 
from [190] 
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2.2 Tower Assessment 


Standards build the base for WT tower assessment, whereby some of them are introduced in 
subsection 2.2.1. On the loads and site conditions side, subsection 2.2.2 presents the DLCs, 
demanded by the IEC 61400-1 [50]. The following subsection 2.2.3 summarizes additional 
DLCS from other standards and their difference with respect to the IEC 61400-1. Furthermore, 
WT tower assessment ensures the observance of the following limit states throughout all 
considered DLCSs: 


* Ultimate Limit State (ULS), see subsection 2.2.5 
* Fatigue Limit State (FLS), see subsection 2.2.6 
* Accidental Limit State (ALS), see subsection 2.2.7 


* Serviceability Limit State (SLS), see subsection 2.2.8 


Each of these limit states can be evaluated under the partial safety factor method, implied by 
IEC 61400-1 [50] and explained in [63]. It demands that a design load effect S4 must not exceed 
the design resistance Ra 

Sa < Ra (2.10) 


while both sides are scaled by means of certain partial safety factors. S4 of the design criterion 
in Equation 2.10 may represent internal or external forces and moments, a deformation, or 
stresses in a cross section. On the other side Ra may be used as capacity, a critical deformation, 
or a yield stress. A discussion about corresponding partial safety factors (PSFs) to be applied 
in different situations is given in subsection 2.2.4. 


2.2.1 Prevailing Standards 


Faber [71] gives an overview about different design requirements for support structures and lists 
some corresponding standards. The IEC 61400-1 standard [50] contains a minimum of load 
cases and requirements, especially for land-based WTs.? Owing to its fundamental character 
it is often used in scientific investigations and serves as base for the more practical relevant 
DIBt [152] and DNV GL standard. The DNV GL standard is distributed over several specialized 
documents, whereby the loads and site conditions standard [64], support structure standard [63], 
and the recommended practice report for fatigue design [62] are the most important guidelines 
for the design of WT support structures. Other standards, such as the Eurocode 3 for general 
requirements - DIN EN 1993-1-1 [42], for plated structural elements - DIN EN 1993-1-5 [43], 
for strength and stability of shell structures - DIN EN 1993-1-6 [44], and for fatigue assessment - 
DIN EN 1993-1-9 [47] must often be consulted if it comes to the direct verification of structural 
components. The tower and masts part of the Eurocode 3, DIN EN 1993-3-1 [48], may also be 
relevant together with the wind actions part of Eurocode 1, DIN EN 1991-1-4 [67]. As the most 


2 In this work edition 3 of IEC 61400-1 was used, because it was valid for the time when this work was written. The 
next edition 4 [51] was in its draft stage at this time 
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support structures have bolted or welded joints, DIN EN 1993-1-8 [45] is likewise important. 
A comprehensive overview about all relevant standards and guidelines for WT design is given 


in Table 1-1 of [63]. 


2.2.2 Design Load Cases of the IEC 61400-1 


For the design of rotatable support structures the knowledge about acting loads on a WT is 
essential. Origins of loads can be distinguished with respect to Table 2.5, but its magnitudes 
should be investigated throughout ASE load simulations, such as introduced in subsection 2.8.2. 
The IEC 61400-1 [50] requirements contain the minimum load cases, which have to be consid- 
ered in these simulations. They are divided into several operating conditions, such as shown in 


Tables 2.1 and 2.2. 


Design situation | DLC Wind condition Other conditions Type |Partial 
of safety 
analysis | factor 
1) Power production | 1.1 NTM Vin < Va < Vout For extrapolation of U N 
extreme events 
1.2 NTM Vn < Va < Vout F * 
1.3 ETM Vin < V4 < Vout U N 
1.4 |ECD Vy = V, -2 m/s, V, U N 
V. +2 m/s 
1.5 EWS Vin < V4 < Vout U N 
2) Power production | 2.1 NTM Vin < Vg < Vout Control system fault or U N 
plus occurrence of loss of electrical network 
fault 2.2 NTM Vin < Vat < Vout Protection system or U A 
preceding internal 
electrical fault 
2.3 EOG Vy = V; +2 m/s External or internal U A 
and Vout electrical fault including 
loss of electrical network 
2.4 NTM Vin < Va < Vout Control, protection, or F T 


electrical system faults 
including loss of 
electrical network 


Table 2.1: Design load cases according to IEC 61400-1 [50] - first part 


14 


2.2 Tower Assessment 


Design situation | DLC Wind condition Other conditions | Type |Partial 
of safety 
analysis | factor 
3) Start-up 3:1 NWP Vin < Vit < Vout F x 
32 EOG W = Vins V. U N 
+2 m/s and Vout 
3.3 EDC Vy = Vin, V. U N 
+2 m/s and Vout 
4) Normal shut 4.1 NWP Vin < Va < Vout F * 
down 4.2 EOG V4 = V +2 m/s U N 
and Vout 
5) Emergency shut | 5.1 NTM V4 = V +2 m/s U N 
down and Vout 
6) Parked (standing | 6.1 | EWM 50-year recurrence U N 
still or idling) period 
6.2 | EWM 50-year recurrence | Loss of electrical U A 
period network connection 
6.3 | EWM 1-year recurrence Extreme yaw U N 
period misalignment 
6.4 NTM Vu < 0.7 Vief F ji 
7) Parked and fault | 7.1 | EWM 1-year recurrence U A 
conditions period 
8) Transport, 8.1 | NTM Vpmaint to be stated by U T 
assembly, the manufacturer 
maintenance and, 
repair 


Table 2.2: Design load cases according to IEC 61400-1 [50] - second part 


Column five of Table 2.1 and 2.2 refers to the type of analysis to be performed for a certain DLC. 
An U declaration requires a material strength, tip to tower clearance, and stability analysis, while 
a F declaration requires a fatigue limit state analysis. The sixth column contains information 
about the PSFs to be applied, whereby N refers to a normal design state, A to an abnormal 
design state, * to a fatigue design state and T to a transport and erection design state. A more 
detailed discussion about the PSFs is given in subsection 2.2.4. 


Many of these DLCs result in stochastic sensitive tower loads caused by wind turbulence and 
coincidentally unfavourable coupling effects of different components. Therefore, it is required 
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to calculate multiple timeseries with different random seeds? of DLCs with stochastic wind 
fields. It follows a summarized explanation of the different wind models, given by abbreviations 
in the wind condition column of Tables 2.1 and 2.2. The detailed explanations can be found in 
the IEC 61400-I [50], but a summarized repetition is useful for later discussion about certain 
load cases in the following ASE load simulations. 


NWP (Normal Wind Profile) 

The NWP is the basic underlying wind speed profile. It describes the wind speed along the 
height coordinate z with respect to the hub height zy. It is used for some wind field models and 
leads to different wind speeds across the swept rotor area. 


Vw(z) = Va (=) ; (2.11) 
ZH 


The NWP exponential Equation 2.11 contains the power law exponent c, which is prescribed 
with 0.2 for land-based turbines [50]. 


NTM (Normal Turbulence Model) 

The NTM uses the NWP and introduces an additional stochastic variation of the wind speed. 
This variation is prescribed by the representative standard deviation of turbulence ce, with 
respect to the hub height of the WT. It depends on the WT class according to Table 2.3. 


WT Class| 1 | m | m 4 Zet/—| 0.16 
42. 7 B Treg /- 0.14 
nn 2 JE C Irer /- 0.12 


Table 2.3: Wind turbine classes according to IEC 61400-1 [50] 


The Table 2.3 gives expected values of turbulence intensity Jef, which can be used to calculate 
o in Equation 2.12. 


EN FE (2.12) 
M 


c is valid for the longitudinal wind direction, while the transversal and upwardly directed 
standard deviations of turbulence o» and o are scaled values of it. 


om >0.70;; 032050 (2.13) 


ETM (Extreme Turbulence Model) 
An ETM differs from the NTM only regarding o by 


Ti = che [0072 (“ +3} (2-4) +10); e=2- (2.14) 
C C 


? Random variates require the definition of random seeds for the pseudo-random number generator in the FAST 
environment [110, p. 21] 
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ECD (Extreme Coherent gust with Direction change) 
m 
In this special wind situation a time dependent wind speed increase up to Vg = 15— is 


combined with a wind direction change of 0... The gust appears over Tgcp = 10 s and is 
superimposed with the NWP wind field. Modelling equations are 


Valz) for t<0 
t 
V(z,t) 2 4 Vw(z) * 0.5 Veg ( — cos | 2 J fo 0< t< Tecp (2.15) 
Tecp 
VWw(z) t Veg for t Tgcp 


180 for Va<4— 
S 


Bea(Vi) =) 720° Z " (2.16) 
fo 4— < Vy < Ver 
S 


Va 
0° fo f«0 


t 
alt) =} +0.5 as (tes z J for OxfzTu (2.17) 
ECD 


+0. for t  Tgcp 


g 


EWS (Extreme Wind Shear) 

The EWS model refers to extreme wind speed difference with respect to different positions 
across the rotor plane. These wind shear situations occur over a time period of Tews = 12 s 
and are distinguished between a vertical wind shear 


rot 


1 
2-2 m Drot\4 nt 
Van = vote) (5538) [2s 2 +028 o (2)4 | (1 - eos J fo 0< t< Tews 


Vy(z) otherwise 
(2.18) 
and a horizontal wind shear 


1 

Dio \ 4 2nzt 

vo y | 25 «02 8| i ( cos| 2 J for O<t< Tews 
D s Ay Tews 


Vy, zt) = 
W(z) otherwise 
(2.19) 
with 6 = 6.4 and Drot as rotor diameter. Both wind shears have to be investigated separately 
and with different signs. The turbulence length parameter ^, is given with 


(2.20) 


ds 0.7z z<60m 
E 42m z>60m 
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EWM (Extreme Wind Model) 

The EWM can be modeled either as a stationary wind field or as a turbulent one. In case of a 
stationary wind field, additional yaw misalignments of +15° have to be accounted for. In this 
model two wind speeds have to be investigated. One with an extreme wind speed Veso with a 
recurring period of 50 years and the other with a recurring period of 1 year V.;. The equations 
are 


0.11 
zZ 
Veso(z) = 1.4 Vier (=) (2.21) 
ZH 
and 
Ve1(z) = 0.8 Veso(z). (2.22) 


For the turbulent case a standard deviation of the longitudinal turbulence of 
cı = 0.11 Vy (2.23) 


should be assumed. Interestingly, the international standard EN 61400-1:2005 [103] prescribes 
Equation 2.21 as 


0.11 
zZ 
Veso(z) = Ver (=) (2.24) 
ZH 


in case of turbulent wind. This means, that the extreme wind speeds are smaller than in the 
German standard. In this work, the international assumption for the extreme wind speeds are 
applied to achieve comparability. 


EOG (Extreme Operating Gust) 
The EOG is an extreme wind speed change, whose function over time looks like a Mexican 
hat^. The maximum gust wind speed Vsus of it is 


91 


Vas = min 41.35 (Vei - Va); 33 (2.25) 


rei (2) 


Ay 


and the time and height coordinate dependent function is 


3nzt art 
Vw(z) — 0.37 Vaust ZI B | (1 — cos =) fo O<r<Tpoc 
TgoG TgoG 


Vw(z) otherwise 
(2.26) 


V(z,t) = 


with Tgog = 10.5 s. 


^ This name is widely used in the wind energy sector to describe the EOG wind speed change. See for example the 
article of Gillebaart, Bernhammer, Zuijlen, and van Kuik [82] 
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EDC (Extreme Direction Change) 
The EDC 6, is given by 


Oe = 180° > +4 arctan > -180° (2.27) 
Va [14.0.1 (2 
H oh 
and modeled for a time period of Tgpc = 6 s by 
0° fo t<0O 
t 
Ot) = 4 +0.5 be ( — cos | 2 J fo O<r< Tepe (2.28) 
TEpc 
Oe for t > Tgpc 


This model is superimposed with the NWP. 


2.2.3 Other Design Load Cases 


The DIBt standard [152] demands for additional statistical extrapolation of loads (DLC D.2 
and D.3), accounting for ice loads (DLC D.4), earthquakes (DLC D.5 and D.6), and another 
PSF in extreme wind parking situations (DLC D.7). Furthermore, extreme wind speeds should 
be assumed with respect to DIN EN 1991-1-4 [67] and its National Annex [41] instead of 
IEC 61400-1 [50]. In terms of fatigue DIBt defines numbers of occurrences for start-ups, 
normal shut-downs, losses of electrical network, and additional events, such as production in 
overspeed and extreme yaw misalignments. DNV GL [64] provides likewise some additional 
DLCs to consider temperature, ice formation, earthquakes, and wind farm effects. Such site 
specific load cases are not part of this work, because they have to be accounted for in a future 
realization phase. Other additional DLCs of DNV GL [64], which refer not to these site specific 
conditions, such as the investigation of natural frequencies during idling (DLC 6.4) and vortex- 
induced vibrations caused by the wind, waves or currents in installation phase (DLC 8.3) may 
be relevant for a rotatable WT support structure and should be considered.? 


2.2.4 Partial Safety Factors 


The IEC 61400-1 standard introduces three types of PSFs: 
* yr: PSF for the type of loads 
e yn: PSF for the consequences of failure 


e ym: PSF for the material 


5 The later is only relevant for offshore WTs. 
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Each PSF may change for certain design situations. yf depends on the design situation in 
combination of Tables 2.1, 2.2, and Table 2.4 


Normal (N) | Abnormal (A) | Transport and Erection (T) | Favourable Loads 
1.35* 1.1 1.5 0.9 


Table 2.4: Partial safety factor for loads y; according to table 3 in IEC 61400-1 [50] 


Table 2.4 should be used for yield strength, buckling, and critical deflection ULS validations. 
The *-marked value should be reduced to y; = 1.25 for statistical extrapolated loads of DLC 1.1. 
Note that table 3 in IEC 61400-1 [50] provides optional reductions of y; for gravity caused 
loads in some cases. For the FLS, SLS, and ALS, the PSF for loads becomes y; = 1.0. The 
PSF for the consequences of failure is yn = 1.0 in the ULS/SLS/ALS and y, = 1.15 in the 
FLS for support structural components. Material uncertainties of steel are covered by PSF 
Ym = 1.1 for the ULS/SLS/ALS and if no other regulation than the IEC 61400-1 is available. 
Ym Should be used for characteristic material properties with validated probabilities to survive 
of 95 % [50]. DNV GL [63] prescribes the material safety factor for steel to be ym = 1.1 for 
each cross sectional type and buckling analyses. Moreover, welded details have to be validated 
with ym = 1.25 in the ULS. In case of the FLS the PSF for material uncertainties becomes 
0.9 > Ym < 1.1 in dependence of inspection interval frequency and with SN curves, which 
are related to a 97.7 9o survival probability. The FLS concept of DNV GL [63] may use a 
material PSF ym € (1.0, 1.15, 1.25} depending on a design fatigue factor DFF. But this 
approach is only applicable to stress cycles in the m = 5 regime of a S-N curve, introduced in 
subsection 2.2.6. The alternative to the material PSF is to use the design fatigue factor directly 
in the design criterion. It depends on the accessibility and the atmospheric conditions around 
the considered structural detail, such as described in table 4-20 in [63]. In the SLS and the 
ALS, the material PSF becomes ym = 1.0. 


The application of the load related PSF y; takes place on the load effect side S4 of Equation 2.10 
by either multiplying it with the characteristic loads effects S or directly with the corresponding 
characteristic loads Fx,;. The second procedure is required for geometrical or material related 
nonlinearities. On the right hand side of Equation 2.10, the inverses of yn and ym should 
be multiplied with the characteristic resistance Ry. Thus, the expanded version of the design 
criterion may look like 


yr Sk € Rx (2.29) 


n/m 
Note that the IEC 61400-1 [50] and the DNV GL standard [63] demand that characteristic loads 
Fk,i of DLCs with turbulent wind fields should be corrected in terms of their probability of 
recurrence. A corresponding procedure on how to perform such a statistical extrapolation is 
given in Annex F of IEC 61400-1 [50]. 
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2.2.5 Ultimate Limit State 


Observance of the ULS is necessary to prevent the loss of structural resistance, such as ex- 
cessive yielding and buckling, brittle fracture of components, overturning of the WT, large 
deformations, and collapse [60]. The ULS is most related to maximum and minimum load 
components, such as normal forces, shear forces, bending moments, and torsional moments. 
ASE timeseries of U labeled DLCs in Tables 2.1 and 2.2 have to be analysed and their results 
have to be summarized in extreme load tables. An example of a load table is presented in ap- 
pendix H of IEC 61400-1 [50]. These load tables contain the different extreme load components 
combined with the simultaneous acting other load components. Each of these combinations 
must be checked for each structural member in the WT and for the whole global structure to 
cover the most unfavourable load situation. 


Strength Analysis 
In terms of material strength the von Mises yield criterion may be applied in the design 
criterion 2.10: 

fy 


Yn Ym f 
where 2, q, Oy,a, and Tq are the design normal stresses in x- and y-direction and the shear stress 
at a certain point of a structural member. Index q denotes that the respective stress component 
has already been multiplied by yg. DNV GL prescribes that stresses have to be calculated under 
consideration of net cross sectional properties. However, local exceedance of the yield stress 
is allowed if adjacent structural parts have enough capacity for the redistribution of stresses. If 
plastic strains from a linear first order analysis with nonlinear stress-strain relation exceeding 
1 9c, the impact to fatigue must be examined. For safety reasons ductile failure modes should 
occur before brittle fracture modes [63, p. 51]. 


NER + oy — Ox, Oya +3 t < (2.30) 


Buckling Analysis 
Section 6.3 in DIN EN 1993-1-1 [42] provides a simple hand calculation for members column 
buckling resistance Mp ra against axial loading. There, it is assumed as 


XA fi 
Nora = —— (2.31) 
m 
where A is the cross sectional area and y is the reduction factor calculated as 
1 
X = ——., but y < 1.0 (2.32) 
oyo -7 
In Equation 2.32 © is 

© - 0.5 | +a (1-02) «x (2.33) 
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where @ is the buckling curve dependent imperfection coefficient from table 6.2 in DIN EN 1993- 
1-1 [42] and 4 is the slenderness ratio with 


Lo 


a=: 
Lay 


(2.34) 


Ler in Equation 2.34 is the buckling length in the considered load plane, i is the radius of 


gyration with 
. JI 
LSAT (2.35) 


Aı=n x (2.36) 
ı = m . 


where E is the Young’s modulus for the material. From Equations 2.31 to 2.35 it is clear that 
an increased bending stiffness E J of a member means increased global buckling resistance. 
The geometric influence to the bending stiffness is given by the second area moment of inertia 
I, which increases with more material being distributed as far away from the bending axes as 
possible. 


and 4, is 


In numerical global buckling analyses the most unfavourable buckling mode must be considered 
for validation, while initial imperfections and residual stresses must be accounted for [63, p. 51]. 
Eurocode 3 is appropriate for buckling analyses [63, p. 52] where first order calculation is 
allowed if the relation a, of the design load Fy to the ideal buckling load Fer is 


—- 2 10 for elastic analysis 
Qa = Tse (2.37) 


—- >15 for plastic analysis 
For 


Otherwise Eurocode 3 [42] demands that the stability analysis of structures must account for 
second order influences and in any case for imperfections. These effects may be examined 
within the calculation of the whole structure, the whole structure and partwise equivalent 
beam approaches, or equivalent beam approach for each member with buckling lengths and 
buckling shapes according to the whole structures buckling mode shape. If structural members 
imperfections are not accounted appropriately in the whole structure calculation, additional 
equivalent beam proofs may be necessary. In each case appropriate equivalent imperfections 
must be defined to account for residual stresses, geometric imperfections, such as inclination 
and deviation from straightness, and eccentricities. Thereby, equivalent imperfections have to 
be applied to the whole structure and to individual members locally. Equivalent imperfection 
shapes may be derived from the most unfavourable buckling mode shape, while their actual 
values of initial inclination and curvature are given in DIN EN 1993-1-1 5.3.2(3) [42] or may be 
provided in the National Annex. It is likewise allowed to use equivalent loads or to use the most 
unfavourable buckling mode shape with a prescribed amplitude to account for imperfections. 
Considering the design criterion of Equation 2.10 in terms of buckling, the Equation 2.38 must 
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hold, where fy is the calculated buckling load of the most unfavourable load combination and 
imperfections and fb ga is the corresponding buckling resistance load. 


IR .10 (2.38) 
Yn Ym Jb.Ra 


Local buckling must be checked for cross sectional parts, which do not meet the criteria of 
cross section class 3. These criteria are related to the shape, the dimensions, and the normal 
stress distribution of a cross sectional part and are listed in table 5.2 of DIN EN 1993-1-1 [42] 
and DNV GL appendix B [63]. Each cross section which does not observe the criteria of 
type 3 becomes a type 4 and must be treated with respect to plate buckling in DIN EN 1993-1- 
5 [43] or to shell buckling in DIN EN 1993-1-6 [44], respectively. Furthermore, the DNV GL 
standard [63] notes that the interaction of local and global buckling modes may be relevant and 
should be considered especially for tubular towers. 


2.2.6 Fatigue Limit State 


WTs are dynamically loaded structures, whereby its components experience many damaging 
load cycles over their lifetime. Therefore, the FLS has high relevance especially for bolted and 
welded details in WTs. Structural details may fail according to one of the following three crack 
growth cases [62, p. 15]: 


* fatigue crack growth from the weld toe into the base material 
* fatigue crack growth from the weld root through the fillet weld 
* fatigue crack growth from the weld root into the base material 


* fatigue crack growth from a surface irregularity or notch into the base material 


Common fatigue strength assessment methods are represented by the nominal stress, structural 
stress, notch stress, notch strain, and crack growth concepts. Each of these methods are 
briefly explained by Keindorf [117]. Other references for aspects of fatigue analysis are from 
Haibach [89] and Radaj and Vormwald [154]. Owing to the mainly focussed tower concept 
in this work, only base material structural details occur for the main members, wherefore the 
most simple nominal stress concept is applied. The nominal stress concept uses the stresses 
extracted by means of fundamental beam analysis with its net cross sections. All lifetime stress 
cycles at a structural point may be extrapolated from short time timeseries of ASE analyses 
and counted with respect to a certain cycle count algorithm. A widely used counting algorithm 
for stress cycles is the Rainflow counting developed among others [154, p. 271] by Matsuishi 
and Endo [138]. Counted stress cycles are assembled to binned stress range spectra, where 
a certain stress range corresponds to a certain number of occurring cycles over the lifetime. 
Hypothetical beam discontinuities are accounted for on the resistance side by corresponding 
nominal stress S-N curves for a characteristic detail. 
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The DNV GL guideline [62] proposes different S-N curves with respect to the applied fatigue 
analysis methodology. S-N curves result from experimental data for certain structural details 
and are plotted as stress range over its amount of load cycles until failure on logarithmic axes. 
Figure 2.5 indicates such S-N curves for different structural details, depicted in appendix A 
of [62]. 
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Figure 2.5: S-N curves for different structural details, from DNV GL [62, p. 23] 


Miner's rule [141] may be applied to calculate the lifetime damage sum of a certain detail of a 
structural component [50] [63]. Miner's rule assumes that damage of a detail increases linear 
and is independent for each load cycle. The resulting characteristic cumulative damage D. of 
a considered detail must be multiplied by the design fatigue factor DFF. Thus, the design 
criterion of Equation 2.10 becomes 


DFF D, < 1.0 (2.39) 


Owing to computational expense ASE simulated timeseries represent only short time periods 
compared to a WTs design lifetime of Tp, 2 20 years. Therefore, an expected lifetime damage 
E(D.) must be calculated out of scaled short time damages, which are integrated over each 
wind speed weighted by their occurrence probability according to Equation 2.40. 


nsr(S|V, T) 


2| ToL Vout co 
E(D.) = EG ji D - Ng PV» dS dV (2.40) 
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p(Vu) of Equation 2.40 is the probability density function for the current wind speed at hub 
height. A cumulated Weibull distribution 
k 


(a 
Pw(Vi) = 1-¢ \C 


(2.41) 


is acommon assumption to be used to calculate the probability density function p(Vg). Thereby, 
Pw(Vn) describes the probability that V < Vy. p(Vq) can now be calculated by derivation 
according to Equation 2.42. 


a: Y x (2 k 
Pw(Va Va "C 
Va) = ze 2.42 
p(Va) dV C | C | e (2.42) 
where C is the Weibull scale parameter and k is the Weibull shape parameter. Implying a 
Vave 2 
Rayleigh distribution these parameters become C = —— if k = 2. 
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Figure 2.6: Weibull wind speed distribution for different wind turbine classes 


Figure 2.6 shows the probability density for the three WT classes, defined in Table 2.3 and a 
shape factor of k — 2. Thereby, higher wind speeds are more likely at a lower WT class, while 
lower wind speeds occur more likely for a higher WT class. nsr(S|V. T) of Equation 2.40 is 
the amount of short time load cycles for time period 7, wind speed V, and load range S. N(S) 
represents the number of Rainflow counted load cycles until failure occurs for a given S. In 
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case of detail categories provided by DNV GL [62], S-N curves represent a survival probability 
of 97.7 %. The IEC 61400-1 based fatigue evaluation tool MLife [94] models the S-N curve by 


So - [SF] 


1 
=S 
2 


N(S) = (2.43) 


where So is the theoretical load range at the intersection between the curve and the log (S) axis, 
|Sp| is an absolute prescribed fixed load mean, and m is the Wöhler exponent. Sọ and m depend 
on the specific material and detail category. Equation 2.43 is valid only for one load mean, but 
in reality each load cycle appears over an individual mean value. Therefore, each calculated 
load range S; must be corrected according to Goodman 


Soi = Si (2.44) 


So — 2 
So - |Si| 


where a Goodman exponent of one is assumed. 


2.2./ Accidental Limit State 


According to DNV GL [63] special accidental events and their consequences must be considered 
within the ALS. Thereby, accidents, such as 


* dropped objects 
* collision impact 
* explosions 

* fire 


* change of intended pressure difference 


may occur under different environmental and operating conditions, which should be examined 
likewise. ALSs with impacts of agriculturally machinery for land-based structures or boat col- 
lisions for offshore structures demand dynamic nonlinear time simulations. These simulations 
must represent each collision phase and must account for the impact energy dissipation of the 
WT support structure. The energy dissipation of the colliding object may also accounted for, 
but must be fully documented. For fire or explosive ALSs the engineer may consider to reduce 
the amount of explosive matters and to use fire suppressing equipment. DNV GL [63] lists 
some possible damages as consequence of an accidental event: 


* Jarge permanent deformations 


* Joss of stability or disconnections, e.g. denting of a monopile shell wall 
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* buckling failure of a brace member in a jacket structure 
* formation of a plastic hinge in a boat bumper 


* rupture of a bolted joint 


Such damages should occur without complete loss of structural integrity and should not lead 
to further post accidental damage developments. The post accidental structural behaviour in 
terms of safety for humans and the environment is likewise important. A post accidental 
analysis should account for expected gravity loads, specified variable loads, and specified 
environmental loads, but no additional accidental actions. Detailed information about design 
against accidental loads are given in the respective recommended practice report of DNV GL, 
called DNVGL-RP-C204 [65] 


2.2.8 Serviceability Limit State 


The SLS considers the consequences of extreme characteristic loads and loads with a load 
duration distribution of 107^ and 10? of the whole WT lifetime [63]. Relevant consequences 
are permanent deformations or yielding of structural members, excessive vibrations, differential 
settlements of foundations, intolerable tilt of a WT, collision of the blade with the support 
structure, and temperature induced deformations. 


Natural Frequency Requirements 

Excessive structural vibration should be avoided to prevent rapid fatigue damage accumulation, 
affecting turbine operation and energy production, and discomfort for people. Therefore, the 
main excitation frequencies fg; should occur with certain distance to the structural natural 
frequencies fo,;. DNV GL gives the rule 


Ri «095 or Ris 105 (2.45) 
Poj Poj 


for each combination of i and j [63, p. 35]. In practice two main excitation frequencies are 
relevant for land-based WT support structures: The 1-per-revolution (1p) and n-per-revolution 
(np) excitation frequency where n denotes the amount of blades. Frequency overlaps of fg; 
and fọ; may occur during start-up and shut-down of the WT, but their relevance is small for 
short time periods. Furthermore, overlapping excitation frequencies with structural natural 
frequencies are allowed if resonance effects can be omitted by damping devices or vibration 
monitoring systems and corresponding control manoeuvres [63]. 


Blade to Tower Clearance 

Rotor blades should never collide with the WT support structure. Therefore, DNV GL defines 
some requirements to the minimum blade to tower clearance under serviceability load conditions 
in the rotor blades standard DNVGL-ST-0376 [61]. In general blade to tower clearance shall 
not become less than 30 % of the unloaded state and must be evaluated by ASE simulations. 
The limitation can be reduced to 25 % by means of additional deflection measurements at 
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3 full scale test blades under highest tower clearance loads. Additional continuous bending 
stiffness control during blade series production allows for another limitation reduction to 20 %. 
These limitations are related to rotating rotor situations. In all cases where the rotor stands still 
clearances should not be smaller than 5 % of the unloaded state. 


2.3 Foundations 


2.3.1 Concepts 


Land-based WT foundations are used to transfer the loads into the ground, while certain 
requirements must be fulfilled over its design lifetime. The choice of a foundation concept 
depends on the expected loads and soil conditions. Most common solutions for multi-megawatt 
WTs are the concrete slab and concrete slab with piles foundations, which occur in different 
shapes, such as a circular, polygonal, cross, or square. The concrete slab option is used in firm 
soils, while the one with piles is more expensive and is used for worse conditions, such as for 
large clay depths [180]. Figure 2.7 shows how pile foundations work. They use the piles to 
reach deep and more firm soil layers to transfer loads over friction into them. In case of lattice 
towers smaller point foundations to the number of legs are used, wherefore less concrete is 
necessary. Bearing capacity proofs for the tension forces under extreme overturning tower base 
moments are thereby challenging for the point foundations. 


Figure 2.7: Slab foundation with piles from Hau [92] 
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2.3.2 Assessment and Guidelines 


The assessment of WT foundations must ensure at least the following requirements according 
to Svensson [180]: 


The structure must be stable 


The material strength must not be exceeded 


The function of the structure must be maintained 


The structure should be aesthetically pleasing 


The structure has to be resistant against external factors, such as fire, earthquake, flooding, 
frost, moisture, temperature differences, traffic accidents, and vermin such as termites 
and insects etc. 


However, in most cases this means that the foundation and the surrounding soil must resist 
extreme tower base overturning moments, shear forces, and fatigue loadings, while certain 
crack widths in the foundation should not be exceeded. Especially important guidelines for 
the foundation assessment are the Eurocodes 0 - Basis of Structural Design (EN 1990), 1 - 
Actions on Structures (EN 1991), 2 - Design of Concrete Structures (EN 1992), 3 - Design of 
Steel Structures (EN 1993), 4 - Design of Composite Steel and Concrete Structures (EN 1994), 
7 - Geotechnical Design (EN 1997), and 8 - Design of Structures for Earthquake Resistance 
(EN 1998). 


2.4 Manufacturing Technology 


This section gives a brief overview over tubular steel tower and lattice tower steel member 
manufacturing. 


2.4.4 Tubular Steel Tower Manufacturing 


The most common tubular steel tower concept is manufactured out of rolled and welded steel 
sheets. In terms of rolling, these steel sheets are assumed to be limited to wall thicknesses of 
about 75 mm [68]. After rolling a longitudinal weld seam connects both edges of one sheet. 
Afterwards, several of such cylindrical sheets will be welded together circumferential to one 
transportable pipe section, such as shown in Figure 2.8. 
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Figure 2.8: Manufacturing of conventional tubular steel towers on the left [93] and the welding scheme of two pipe 
sections on the right 


New on-site manufacturing technologies, such as tapered spiral welded towers, shown in 
Figure 2.9 have been developed to make tubular steel towers more affordable for larger hub 
heights. They work by welding different trapezoidal steel sheets together to a continuous plate. 
Next, the plate will be brought into its tubular shape by rolling and connecting it to the previous 
rolled section by a continuous transversal weld. This technology can also be beneficial for 
rotatable tubular tower concepts. However, the temperature and dust sensible welds and high 
necessary tolerances have likewise to be ensured on-site. Protecting the manufacturing area 
from the environment by an air-conditioned tent is one way to meet this requirement. An 
ultrasonic testing inspection behind the manufacturing chain checks for the appropriate quality 
of the continuous welding seam. A patent of this manufacturing method is hold by Keystone 
Tower Systems Inc [174]. 
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Figure 2.9: Tapered spiral welding technology for WT towers [118] 
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2.4.2 Lattice Steel Tower Member Manufacturing 


Land-based lattice steel towers are assembled from many members with different cross sections. 
These members are designed to resist especially normal forces in terms of buckling, while 
good geometrical connectivity to each other should be provided. The later is the reason for 
circular cross sections to be rare for land-based applications, because of their expensive joint 
options. These are welding or special joint structures. Welding of circular cross sections is 
only possible for small lattice structures to ensure transportability and requires cost intensive 
welding preparations. Polygonal or L-shaped members are more common, because of their 
better connectivity to each other. In case of cold formed members, higher yield strengths may 
occur locally, but folding radii are limited. Therefore, extrusion moulding is an alternative way 
to manufacture these prismatic members instead. Afterwards, holes for bolts will be punched 
into the material and it will be hot-dip galvanized for corrosion protection. Note that such 
coatings increase the bolts settlement, wherefore preload forces decrease more than without a 
coating and this kind of settlement should be considered within the joint proofs [83, p. 566]. 


2.5 Transport and Erection 


While the members of lattice towers are transportable to almost arbitrary sites owing to their 
small member dimensions, large tubular steel tower segments need to be transported by special 
heavy trucks. Transport of such WT towers became a problem, since larger hub heights and 
rotor diameters lead to larger tower diameters to ensure economic and technical feasibility. For 
German country roads, the minimum bridge and tunnel heights are 4.5 m [74], which is in 
some cases not enough for tower passage. Figure 2.10 shows the tightly transport of a large 
tower segment under a bridge. In case of towers with exceeding diameters cost intense detours 
or uneconomical wall thickness increases are the consequence. 


Figure 2.10: Tower section transport under the 1935 Ramford bridge [116] 
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All tower segments will be mounted together on the construction site by means of a crane. 
Thereby, the first tower segment has a double flange with inner and outer ring for the bolts at 
the bottom to get connected with the foundation. For larger hub heights and because of the high 
heave weights, special cranes are used. In the case of lattice towers, parts of the tower will be 
assembled at the ground first before they will be heaved onto the already mounted tower parts. 


2.6 Yaw System 


The yaw system is necessary for the WT to react on wind direction changes. It is used to align 
the rotor correctly to the mean wind direction to increase the wind energy harvest. Conventional 
yaw systems are placed at the top of the tower and carry the whole RNA. Figure 2.11 shows an 
exemplary yaw system where the yaw bearing represents the rotative joint between the tower 
and the RNA. A ring gear on the outside of the yaw bearing works together with the yaw drives 
to achieve controlled yaw motions. The yaw drives are mounted on the bedplate, which carries 
the RNA and is connected to the yaw bearing on its moving ring. For large WTs of > 1 MW 8 
or more yaw drives are common practice. 


electric motor 
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Figure 2.11: Exemplary yaw system composition. The picture was taken from M.-G. Kim and P. H. Dalhoff [119] with 
permission to use from P. H. Dalhoff. 


Since RNA yaw motions cause gyroscopic loads by the acceleration of the high mass and 
inertia of the RNA, only small yaw accelerations are allowed. Gyroscopic loads increase the 
fatigue of mechanical and structural components and have to be balanced against a higher 
energy yield through low yaw misalignments within the control strategy. Common yaw speeds 
are around 0.5 deg/s [93, p. 470] and the acceleration path to that speed has to be adjusted 
with respect to the allowed loads. In reality a WT faces always yaw misalignments, but it 
is a question of their mean value over a certain time, whether the WT should yaw or not. 
Hau [93, p. 469] states that 10 s mean yaw misalignments of small magnitudes, such as 10 deg 
will be corrected after 60 s, medium mean yaw misalignments of 20 deg will be corrected after 
20 s, and larger yaw misalignments than 50 deg will be corrected immediately. However, yaw 
misalignments are especially relevant for the WTs efficiency in operational conditions below 
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rated wind speed, because in higher than rated wind speeds the blades pitch can be used to 
increase the energy yield out of that skewed inflow condition. The later would in turn also 
increase the fatigue of components. In general, no larger energy losses than 1 to 2 9o are 
expected by yaw misalignments [93, p. 470]. Since this work treats a rotatable tower with yaw 
system at its bottom, subsection 6.2.4 discusses the effect of yaw motions with respect to the 
occurring loads in more detail. 


2.7 Lattice Towers 


Figure 2.12: 2.5 MW rated power WTs with 100 m rotor diameter and 100 m hub height mounted on a Butzkies lattice 
tower in Bahrenfleth, Germany. Photo: A. Struve 2018 


In this work a rotatable lattice tower was developed and investigated, wherefore it is appropriate 
to provide a short introduction to main aspects of WT lattice towers. Lattice towers were 
popular in the first years of commercial wind energy usage, because of their relatively material 
saving and stiff properties for small hub heights [93, p. 517]. They can be seen as plate towers, 
which consist only out of plate stiffenings where the plate material itself is cut away. This 
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is the reason for their material saving nature. Nevertheless, history shows that tubular steel 
towers displaced lattice towers as support structure for wind turbines, owing to the trend of soft 
designs [93, p. 517-518]. Recently, the interest in lattice towers, such as shown in Figure 2.12, 
has been increased again for hub heights > 100 m [93, p. 518]. The increasing interest is 
caused by the uneconomical wall thicknesses of tubular steel towers with large hub heights 
under transport limitations, such as mentioned in section 2.5. Figure 2.13 shows the mass and 
cost development along different hub heights of an exemplary 3 MW WT with 100 m rotor 
diameter. Unfortunately, Hau [93, p. 529-530] provides no information about the assumed 
transport boundary conditions, which were applied to estimate the curves. However, not only 
the absolute masses and costs of lattice towers are smaller than the compared conventional steel 
towers, but more important the gradients of the curves are likewise smaller. This indicates 
that lattice towers in general are more appropriate for WT support structures with larger hub 
heights. 
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Figure 2.13: Mass and cost increases of different tower concepts, dependent on the hub height of a 3 MW wind turbine 
with 100 m rotor diameter. Taken from [93, p. 530] and translated by the author. 


2.7.1 Bracing Concepts 


Bracing members serve the reduction of buckling lengths for legs and other bracing members. 
They may contribute to the shear and torsional stiffness and to small amounts to the axial 
stiffness of a lattice tower. Thereby, their bracing angle and their cross sectional area are the 
main properties of contribution, such as indicated by the equations in table 13.1 and 13.2 in 
Petersen [149, p. 895-896]. In general lattice towers may have different bracing concepts, such 
as shown in Figure 2.14 and explained by Petersen [149, p. 890-891] as follows. A variety of 
bracing member and lateral member arrangements are more or less appropriate for certain load 
requirements. 
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Figure 2.14: Lattice tower bracing concepts by Petersen [149] 


Concept a is often used for masts with low loadings, because of the large buckling lengths of 
the bracing members. The lateral member in concept b halves the buckling lengths of the leg 
members compared to a. For concept c the same statements as for concept b are true, but the 
spiral bracing form tend to drill for huge axial tower loadings, wherefore it is not that popular. 
In diamond-bracing concept d buckling lengths of the bracing members are halved and with 
concept e the leg members experience another halving compared to the previous three concepts. 
But on the other side, the joint complexity of the bracing members increases as well as the 
wind attack area. Concept f provides no further improvements, but the leg joint complexity 
increases without any further buckling lengths reductions. The K-bracings in concept g are 
relatively steep, which reduces the torsional stiffness. Diamond- and K-bracing concepts have 
the advantage of comparatively small secondary stresses for huge axial loadings [149, p. 890]. 
For small lateral loadings the diamond-bracing may be stretched, such as shown for concepts h 
and i and the leg members will be supported by secondary bracing members to reduce the legs 
buckling lengths. Another key aspect for bracing concepts is the kinematic stability. Meskouris 
and Hake [139] propose indeterminancy counting criteria for lattice structures with ideal hinged 
members. A measure for indeterminancy is the integer number n, which is calculated as 


n=a+s-3k (2.46) 


for a three dimensional lattice structure with the amount of possible supporting forces a, the 
amount of members s, and the amount of nodes k. Thereby, n « 0 means that the structure 
is kinematic unstable and n = 0 that the structure is static determined. Incidentally, according 
to Petersen [149, 898] n = 0 is not an adequate criteria for infinitesimal kinematic stability. 
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Moreover, n > 0 means that the structure is statical undetermined. Modern static software is 
capable to model lattice structures with bending stiff member joints. Meskouris and Hake [139] 
propose the indeterminancy counting criteria for such structures with 


n=(a+sp)-(gk+r), (2.47) 
where 


* a: amount of support reactions 


e s: amount of independent load components per member (= 6 for three dimensional 
structures) 


* p: amount of all members 
* g: amount of equilibrium conditions per node (= 6 for three dimensional structures) 
* k: amount of all nodes inclusive support nodes 


* r: sum of all constraints between the members 


Consequently, assuming only bending stiff joints for concept d in Figure 2.14 sets r = 0 and 4 
base nodes with 6 reactions each, sets a = 4 x 6 = 24. In one x-segment k = 12 nodes and 
p = 20 members occur, wherefore n must be > 0 and the structure is statical undetermined and 
kinematic stable. 


2.7.2 Bracing Member Cross Sections 


Co €1 
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Figure 2.15: Bracing member cross sectional comparison with respect to material efficiency 


Bracing members are primarily loaded by axial forces, especially if they are attached by hinges. 
In reality bracing members experience additional bending moments owing to eccentric attach- 
ments and because ideal hinged bracing joints do not occur. However, in most cases bracing 
members are designed against global and local buckling. Nowadays, buckling analyses are per- 
formed with computer software, such as RSTAB/RFEM, ANSYS, or ABAQUS, where bending 
stiff and eccentric joints are accounted for in the modelling phase. From subsection 2.2.5 it 
is shown that global buckling resistance of structural members increases with their bending 
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stiffness. In terms of material efficiency the engineer has an interest in bracing members with 
large second area moments of inertia 7, while low amounts of material are used. Figure 2.15 
shows some potential lattice member cross sections. Material efficiency in terms of bending 
stiffness leads to small wall thickness, wherefore the resistance against plate buckling must be 
checked. From DIN EN 1993-1-1 [42] and DIN EN 1993-1-5 [43] it is shown that the way 
how plate sections of a cross sections are supported influences the buckling resistance. For 
instance the L-profile b in Figure 2.15 provides only one support for its two legs in its bottom 
left corner, marked by a green circle. Here, such one-side supported plate sections are declared 
with cı, whereas two-side supported plate sections, such as given for the hat-profile c in Fig- 
ure 2.15 are declared with c2. Other names for the one-side and two-side support are outstand 
flange and internal compression part. Two-side supported plate sections provide higher plate 
buckling resistance, wherefore they can be wider as one-side supported ones. This leads to the 
recognition that in terms of bending stiffness a hat profile with three two-side supported plate 
sections is more material efficient than a L-profile. 
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Figure 2.16: Hat-profile dimension ratio optimization with respect to its plate buckling resistance from Wiede- 
mann [196, p. 140], translated by the author 


On the other hand more complex profiles cause higher production effort and therefore higher 
costs, at least for cold formed profiles. Figure 2.16 shows how the buckling resistance of two 
flanged profiles with additional peripheral flanges, such as hat-profiles changes with respect to 
its dimension ratios. The resulting buckling stresses are related to the developed view length 
(h 4-2 b +2 cY? and an optimum can be found at dimension ratios b/h ~ landc/b x 0.4. 
This result is reasonable, because the flanges with width b and the web with height / have 
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the same wall thicknesses and the same amount of supports, namely two. From table 5.2 in 
DIN EN 1993-1-1 [42] c/t limits for both support situations are given by 


(c1/t)max | S218 XKo,min for one support with 21 ko mig = 21 V0.43 = 13.77 


(C2/t)max <42 € for two supports 


2 
- 235 N/mm (2.49) 
V5 


If the c/t ratios respect the limits in Equations 2.48, the cross section is not of class 4 and 
must not be checked for plate buckling, such as stated in DIN EN 1993-1-5 [43]. Moreover, 
with (¢1/t)max /(C2/t)max = 0.328 = (c/ b),4, a more exact optimum for the peripheral flange to 
flange width ratio is given. Z-profiles with peripheral flanges, such as suggested at the top in 
Figure 2.16 are unfavourable in terms of corrosion, because they tend to hold rainwater. Other 
profiles such a circular ones, are not common for land-based WT lattice towers, because of 
their high production costs and problematic joint connections. 


(2.48) 


where 


2.7.3 Load Derived Leg Inclination 


Figure 2.17: Leg forces in lattice towers under different loadings by Petersen [149, p. 891] 


Based on Figure 2.17 constant axial leg forces along the whole tower height are achievable 
by adjusting the leg inclination angle with respect to the bending moment shape. Normal leg 
forces NLe, in a lattice tower with quadratic cross sectional shape of side length b are estimated 
by 
M, 

Nies = + 2s + ^ (2.50) 
where M, is the corresponding bending moment about one principal axis x or y and F; is the 
normal force at the same tower cross sectional cut. By prescribing b changes with My, , and F; 
over z, constant axial leg forces are the consequence. 
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Neglecting the axial force and assuming a linear bending moment, such as shown in a.1 a linear 
leg inclination a.2 can be used. A polygonal bending moment, such as shown in b.1 requires 
consequently a polygonal leg inclination b.2. In such situations the bracing members would not 
experience any loadings and are only required for leg buckling lengths reductions. In reality 
additional vertical loadings and load variations hinder a perfect load adapted leg inclination 
design, but it may serve as an orientation. 


2.7.4 Leg Cross Sections 


Figure 2.18: Leg to foundation integration of a Butzkies tower (left) and drawing of an analogous leg profile concept 
in more generalized form (right). Photo: A. Struve 2018 


The legs of modern WT lattice towers have special designs to resist the enormous axial loads 
with a minimum of material usage. Thereby, the general insights of subsection 2.7.2 apply 
likewise to leg profiles, where additional corners in the profile increase the plate buckling 
resistance with respect to the amount of used material. In some cases the leg profiles are 
assembled out of two profiles, such as shown in Figure 2.18 to reach the same goal. The 
principal sketch at the right position in Figure 2.18 indicates, that the number of lattice tower 
legs determines the leg cross sectional angle v. Both parts of the leg are bolted together in 
certain distances along the length over integrated filler steel sheets. This fulfills the following 
four purposes: (1) The local package of three steel sheets bolted together can be seen as a 
support for the angled steel plate, which increases its c/t limit at that member cut, (2) the 
longitudinal bolt distance determines the buckling field width, (3) the torsional leg stiffness 
is drastically increased at the longitudinal member cut with filler steel sheets compared to the 
open cross sections at other cuts, and (4) the leg member can be evaluated as one beam in terms 
of column buckling. 
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Another option for the legs is to connect both cross sectional parts by a longitudinal weld seam. 
This would save a lot of work to drill all the holes as well as the many expensive bolts or 
lockbolts and their maintenance. On the other hand welding requires also some factory work, 
although it is easy to automate. Depending on the detail category and accessibility may welded 
legs require larger wall thicknesses to resist the fatigue loads. 


2.7.5 Joints 


Joints of land-based WT lattice towers are normally bolted in contrast to offshore support 
structures, where joints are welded. This is caused by the limited space for pre-fabricated 
support structure components, because of transport constraints on streets, such as discussed in 
subsection 2.5. In case of the Butzkies lattice tower in Figure 2.19 gusset plates are used to 
attach bracing members with legs and to each other over bolts. In general bolted connections 
are designed such that they force the shear planes between the bolted components to be sliding 
resistant over lifetime [121, p. 103]. In cases where this is not possible fitted bolts must bear 
the shear force partially or complete in themselves [ibid.]. Verification requirements for bolted 
joints are documented in DIN EN 1993-1-8 [45] and its National Annex [46]. In the past, 
conventional bolts stood out with high maintenance effort to ensure the minimum pre-load in 
the bolts under dynamical loading, required by the DIBt-Standard [152]. Therefore, the cost of 
multiple checks and retightening of thousands of bolts over the lifetime of a WT lattice tower 
should not be underestimated. 


Slip resistant connections, such as exemplary shown in Figure 2.20 transmit loads over the shear 
planes between the components, whereby the tension force F,,c in the bolts causes the necessary 
contact loading. Thereby, F,,c is measured with respect to the applied tightening procedure, 
defined in the National Annex of DIN EN 1993-1-8 [46]. According to DIN EN 1993-1-8 [45] 
the slip resistance F; Ra(,ser) must be larger than the acting shear force per bolt Fy gq(,,4. The 
corresponding verification equation is 


ks n u (Fp,c — 0.8 Fy Ed(ser)) 
Fy Ed(,ser) < F; Ra(,ser) = EXE Co (2.51) 
„ser 


where k, is the geometry coefficient to account for the clearance between the hole and the bolt. 
Its value is defined in Table 3.6 of DIN EN 1993-1-8 [45]. For normal bolts reductions are 
neglected, wherefore ks = 1.0. n is equal to the amount of load bearing shear planes and u 
is the coefficient of static friction. It depends on the coating and pre-treatment of the bolted 
component surfaces and can be taken from Table 3.7 in DIN EN 1993-1-8 [45] in dependency 
of the surface class. Figa(ser is the acting tension force in the connection and Ym3(,ser) is a 
safety factor to account for the kind of connection. For the both possible slip resistant categories 
B and C, ym3,ser = 1.1 and Yym3,ser = 1.25, respectively. 
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Figure 2.19: Different joints of a Butzkies lattice tower. Photo: A. Struve 2018 


Furthermore, the bolted parts must be checked against material yielding in the net cross section 
and for the bearing of the hole. Depending on the bolt connection category the bolts must be 
checked against shearing. The fatigue check of the shear planes can be neglected, because of 
the distributed loads over the contact plane. 


To overcome the challenges concerning maintenance, slip resistant lockbolt joints with low 
variations in the pre-load force, good visual inspection capability, and high possible pre- 
load forces are a common solution [83, p. 562]. Moreover, Glienke et al. [83] investigated 
and quantified the pre-load losses for slip resistant connections under dynamical loading in the 
context of WT lattice towers. They propose a promising verification procedure of slide resistant 
connections, which accounts for the pre-load losses to reduce or to avoid later maintenance 
effort. However, further research is required to account for common component surface coatings 
and pre-treatments and for clamping length to diameter ratios [83, p. 569]. 


41 


2 State of the Art 


Fi pal .ser) 


A real deformation 
(rotational symmetric paraboloid) 


Fy gái ser) 
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F ‚Ed(,ser) 


Figure 2.20: Bearing resistance of a slip resistance connection by Glienke et al. [83, p. 562], translated by the author 


2.7.6 Aerodynamics 


Drag coefficients of sharp edged lattice members, such as L-profiles are higher than of aero- 
dynamically shaped cross sections. However, the front surface of lattice towers with the same 
height as tubular ones is smaller, except visibility improving coverings are used, such as shown 
for the space frame tower of GE in Figure 2.21. Aerodynamic load assumptions for uncovered 
lattice structures are documented within the standard DIN EN 1991-1-4 [67] with National 
Annex [41] and DIN EN 1993-3-1 [48] with National Annex [49]. 


Figure 2.21: View into the pentagonal space frame lattice tower of GE [78] 
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The DIBt standard [152, p. 11] proposes the application of DIN EN 1991-1-4 and its annex for 
all aerodynamic loads. There, the wind force Fw on a structure becomes 


Fw = CsCa Cf qp (Ze) Aref, (2.52) 


with the structural coefficient csca, the force coefficient cr, the gust velocity pressure qp in 
reference height ze, and the reference area Aef. The c, part of the structural coefficient 
CsCa accounts for the fact that peak wind pressures would not occur over the whole surface 
simultaneously and the cg part accounts for structural dynamic interaction with the wind, such 
as turbulence induced resonance. For more details about the determination of csca, a review of 
chapter 6 in DIN EN 1991-1-4 [67] is encouraged. The force coefficient cr assembles from the 
basic force coefficient cr o and the reduction factor y; according to 


€t = cto Wa (2.53) 


The basic force coefficient cf, o is representative for an infinite slender structure and depends on 
the member density y and the Reynolds number Re. ¢ is calculated as 


= Aref u Xi bi li + Dik Ag,k 


= ; 2.54 
Ac dl d 


with width b; and length l; of member i, projected area A; of joint steel sheet k, width of the 
lattice structure d, and height of the lattice structure l. Incidentally, the reference area Aref of 
Equation 2.52 is defined in Equation 2.54. Re is calculated as 


= b v (Ze) 
u y 


Re (2.55) 


with mean member width b, current wind speed at the reference height v (ze) and kinematic 
viscosity v. The basic force coefficient can finally be read from Figure 2.22. 


In case No. 2 of table 7.16 in DIN EN 1991-1-4 [67] and in accordance with the previous 
defined nomenclature, the slenderness of the structure is 


min [147.70] fo [250m 
A= (2.56) 


min {2.70} fo 1<15m 


where it must be linear interpolated for the case between both situations. The reduction factor 
Ww, accounts for the finite slenderness and corresponding lower drag resistance at free ends of 
a structure. It can be read out of the diagram in Figure 2.23 by means of A and g. 
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Figure 2.22: Basic force coefficient for different lattice structures, member densities, and Reynolds Numbers, from 
DIN EN 1991-1-4 [67] 


The gust pressure qy, which accounts for the mean and short term wind speed changes depends 
on the turbulence intensity /, and the terrain category. The later prescribes the vertical 
distribution of the mean wind speed Vm with respect to equation 4.3 in DIN EN 1991-1-4 [67]. 
Equation 2.57 shows the gust pressure. 


1 
gl) = [1 7 K(z)] 5 Pair V2(z) (2.57) 


Depending on the structural shape a partwise evaluation of Equation 2.52 and vectorial addition 
afterwards may be more accurate than an evaluation of the whole structure at once. Incidentally, 
vortex-induced vibrations should be checked for dense lattice structures with structural densities 
of y > 0.6, such as required by the annotation in figure B.2.3 of DIN EN 1993-3-1 [48]. 
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0 200 


Figure 2.23: Reduction factor for finite slenderness of lattice structures in dependency of its member density, from 
DIN EN 1991-1-4 [67] 


2.7.7 Challenges and Solutions 


In practice, lattice towers are not that popular as conventional tubular steel towers. Lattice 
concepts encounter challenges, such as low torsional stiffness, many member joints, which tend 
to cause increased erection and maintenance effort, several different member eigenfrequencies, 
and semi-subjective visibility problems. 


The low torsional stiffness applies especially to triangular tower cross sections, owing to their 
relatively low enclosed tower cross sectional area. To overcome this problem lattice towers 
with four or more legs have been developed, such as shown in Figure 2.12 and 2.21. In general 
the more joints a lattice tower has the less material is needed [114]. For example the more 
legs, and thereby joints, a lattice tower has, the lower become the buckling lengths of the 
diagonal members, which achieves additional material savings for them. Note that more legs 
may achieve usage of more simple diagonal member cross sections: While the Butzkies towers 
in Figure 2.12 have double hat profiles, the pentagonal space frame tower of GE in Figure 2.21 
does only have simple L-profiles. On the other hand more cost intensive joints and more point 
foundations are the consequence of more legs. The argument of high maintenance effort for 
member joints is refuted through the usage of lockbolts with issued general building approval 
Z-14.4-591 [38] and new assessment approaches regarding the consideration of remaining 
pre-load forces, such as investigated by Glienke et al. [83] and discussed in subsection 2.7.5. 
The almost maintenance free lockbolts are likewise used for the built Butzkies towers, such 
as shown in Figure 2.24. Maintenance costs for lockbolts only arise for visibility checks of 
painted control bolts (not shown in Figure 2.24). Relative movements between steel sheets and 
lockbolts indicate too low pre-loading in the shaft, wherefore the hardened thin painting layer 
around a lockbolt cracks and the lockbolt must be exchanged. 
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The visibility problem of lattice towers is controversial discussed, whereby Figure 2.25 indicates 
that lattice towers must not necessarily look more obtrusive than conventional tubular steel 
towers do. Visibility is always a question of structural density, painted colour, floor colour, 
background colour, weather, luminous intensity, distance of view, and light angle of incidence. 
Therefore, the visibility must be investigated for different support structures and landscape 
scenarios individually during the realization procedure. 


Figure 2.24: Lockbolts of the Butzkies tower and diagonal member with hat cross section. Photo: A. Struve 2018 


Figure 2.25: Subjective visibility comparison between conventional tubular steel tower and lattice towers. Photo: 
Sinning and taken from Hau [93, p. 520] 
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2.8 Load Evaluation 


Knowledge about the nature of WT loads is very important, because a rotatable tower design 
should be suited to the behaviour of loads to reach the highest possible material efficiency. ASE 
simulation is the state-of-the-art method to estimate WT loads. Following subsections describe 
the general loads behaviour of WTs and their modelling in ASE simulations. 


2.8.1 Wind Turbine Load Categories 


Several loads are acting on WTs and they can be classified by their time history and origin. 
Time related classes are constant (quasi-steady), such as gravity forces, cyclic (periodic), such 
as mass unbalance, stochastic (random) from the turbulent wind, and short-time (transient), 
such as shut-downs or braking events [77, p. 274]. Some exemplary loads are presented in 
Table 2.5. 


The last three time classes in Table 2.5 lead to fatigue, because of the corresponding stress 
variations within mechanical components and constant loads are responsible for the mean 
value of stress cycles. Furthermore, unfavourable combinations of time dependent loads lead 
to ultimate stress situations, which force a component to yield or to buckle. Collision of 
structural components may also be a resulting failure mode, which has to be prevented. The 
most tower relevant static loads are the gravity forces caused by nacelle-, rotor-, and tower- 
weight, the mean rotor thrust, and the mean wind pressure on the tower. Figure 2.26 shows 
how WT loads can be simplified and applied to a cantilevered beam model. Depicted SS 
shear forces and moments mainly occur as result of skewed wind inflow, the generator moment 
and vortex-induced vibrations. Torsional moments are most often negligible for conventional 
tubular towers, because of their high torsional stiffness, but may be critical for other tower 
concepts, such as lattice towers. Corresponding torsional moments originate from skewed 
wind inflow on the rotor disc and yaw events. 


Dynamic loads originating from the Ip excitation caused by the mass unbalance within the rotor, 
and the np excitation frequencies and their harmonics result from the rotor revolution with n 
blades, which pass the pressure gradient in front of the tower. Excitation frequencies may also 
be reasoned through the aerodynamic stall behind the tower, mentioned in subsection 4.4.4. 
Another source for periodic excitation is aerodynamic unbalance through pitch errors, skewed 
wind inflow, and uneven wind speeds across the rotor disc. If these excitations meet the tower 
eigenfrequency, resonance occurs and leads to critical fatigue and ultimate loads. Gyroscopic 
loads caused by yawing and other tower head inducing moments are not listed, but have to be 
mentioned especially for rotatable WT towers, such as described in section 6.2.4. Some loads 
are more relevant than others and it is important to know about their significance in terms of 
component design. This information determines the effort, which should be spent to represent 
loads with a certain accuracy within a simulation. 
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i gm Type of force Source Operating condition 
Time 
Constant Gravity force, Weight, Normal operation 
(quasi-steady) | Centrifugal force, | Rotor revolution, 
Mean thrust Mean wind 
Cyclic Mass unbalance, Unbalance, Normal operation 
(periodic) Aerodynamic Tower dam, 
forces Oblique flow, 
Blade passage 
Stochastic Aerodynamic Turbulence of Normal operation 
(random) the wind, 
forces Earthquake 
Short-time Frictional and | Shut-down of the Manoeuvre, 
(transient) Braking forces, wind turbine, Malfunction, 
Aerodynamic Yawing of the Extreme 
forces nacelle conditions 


Table 2.5: Classification of some exemplary excitating forces according to time history and origin [77, p. 274] 


wind speed 
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Figure 2.26: Simplified tower loads modelling 
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2.8.2 Aero-Servo-Elastic Loadsimulations 


ASE simulation is a method to represent the WT behavior and loads in a more realistic way than 
static assumptions do. Main reason for ASE calculations is the account for coupling effects 
between the aerodynamics, the control system and the mechanical response of components. 
These nonlinear simulations require iterative procedures at each time step to reach convergence. 
A good example is the wind > blade interaction, where the blade deforms according to the 
wind pressure. This deformation creates new aerodynamic behavior along the blade, whereby 
a new blade deformation follows and so forth. Additional influences through wind turbulences 
and blade pitch or nacelle yaw motions increase the nonlinearity further. Furthermore, the rotor 
is mounted on the tower and therefore tower head vibrations are superimposed together with 
its soil interactions. Most of the computer models are using BEM theory combined to flexible 
multibody dynamics (FMD) to represent the coupling of blade aerodynamics and the elasticity 
of the blades. Further flexible components may be the drivetrain, the tower, and the soil. 


Externa! | Applied Wind Turbine 


| 
Conditions | Loads | 
| 


| AeroDyn 


Figure 2.27: FAST module interaction [105] 


Several commercial and cost-free ASE codes are available to simulate WT dynamics, such as 
HAWC2 (Risg National Laboratory, Denmark), DUWECS (TU Delft, Netherlands), FLEX5 
(TU Denmark), Bladed (Det Norske Veritas (DNV) Germanischer Lloyd (GL), Norway), 
QBlade (TU Berlin, Germany) and FAST (National Renewable Energy Laboratory (NREL), 
USA). A comparison of ASE codes used for certification had been done in year 2006 by NREL 
and GL [27], where GL issued a statement, that FAST could be used for land-based WT 
certification. The certified FAST code is cost-free and all source codes are customizable by 
each user, wherefore it is widely used in the scientific field such as in this work. The FAST 


6 NWTC Information Portal (Certification of FAST and ADAMS®with AeroDyn). https://nwtc.nrel.gov/ 
SimulatorCertification. Last modified 18-August-2014; accessed 13-February-2019 
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glue-code driver connects different modules, such as InflowWind, which chooses the right 
wind conditions or files, AeroDyn [111], which models the aerodynamics, ServoDyn, which 
contains the controller system, ElastoDyn, which includes the rotor, drivetrain, nacelle and 
tower dynamics, the SubDyn module for substructures, and HydroDyn [113], which models 
hydrodynamics, such as shown in Figure 2.27. 


FAST combines a multi-body formulation for the platform, nacelle, generator, gears and hub 
with a modal-dynamics formulation for the tower [107]. New versions of FAST contain 
a geometrically exact beam theory (GEBT), which are applied for blades within the new 
BeamDyn module [192]. The GEBT is able to represent large displacements and rotations of 
pre curved and pre twisted beams. Cross sectional stiffness matrices, which account for six 
degrees of freedom (DOF) contain coupling between extension, bending, shear, and torsion. 
Incidentally, geometrically exact means according to Hodges [97] that no approximations were 
made to represent the initial and deflected geometries. GEBT concerning equations of motion 
are given through Bauchau [8, p. 625] with 


m d (2.58) 


an 
h and g represent the linear and angular momenta resolved in the inertial coordinate system. 
f and m are the resulting internal forces and moments, which are acting within the beam. 
Furthermore, u represents the displacement of a point on the reference beam curve and Xp 
represents its position vector as a function of the curvilinear coordinate o;, respectively. F 
and M are the applied external forces and moments, which acting along the beam per unit 
span. The tilde operator (e) indicates the skew-symmetric tensor of a vector and can be 
seen as the cross product of the vector with the following one. Variable t is representative 
for the time. Multi-body equations of motion in FAST are derived and implemented using 
Kane's Method [115] and time integration will be done by 4""-order Adams-Bashforth-Adams- 
Moulton [6] [143] predictor-corrector fixed-step-size explicit integration scheme with 4'-order 
Runge-Kutta scheme [165] [128] initialization. Modal-dynamics are modeled with Bernoulli- 
Euler beams in ElastoDyn, which do not represent axial, torsional and shear deformations. 
Modal-dynamics are implemented by modal superposition of the lowest modes described by 
polynomial coefficients with small angle approximations and small strains are assumed. 


ð TR s ~\T 
NL j EL zn f-M, (2.59) 


2.8.3 Resolved Support Structures in FAST 


The Bernoulli-Euler beam elements mentioned in subsection 2.8.2 are suitable as representative 
tower elements, even for lattice towers. For fatigue analyses of the detailed members in 
a lattice structure a transforming procedure for loads between the low computational cost 
demanding representative beam and the resolved lattice structure was needed. Therefore, the 
call for resolved support structure modelling in ASE simulations has been answered by an U.S. 
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Department of Energy Wind and Wave Power Program supported NREL project, where the 
FAST compatible module SubDyn [32] has been developed. It is a time-domain structural- 
dynamics module for multimember fixed-bottom substructures, which can either be driven in 
standalone or coupled with FAST, such as shown in Figure 2.28. 


AeroDyn (Aerodynamics) 


FAST 8 - Driver 


e Drives time-domain solution foward 
e Calls individual modules 
e Derives module inputs from outputs 


ServoDyn (Turbine Controls) 


ElastoDyn (Structural Dynamics) 


Interface: S ubDyn 
e Displacements 
e Velocities 


e Accelerations 


Parameters: 
e Geometry 


e Mass/inertia 
Reaction Loads e Stiffness coefficients 

e Damping coefficients 
Substructure: . Gravity 


e Displacements 
e Velocities 
e Accelerations 


Solves reduced model 


Figure 2.28: FAST to SubDyn coupled interaction, derived from Damiani, Jonkman, and Hayman [32] 


In both cases it gets motions, such as displacements, velocities and accelerations at a prescribed 
interface to the attached structure and responses with reaction loads and structure motions. 
Typical inputs for the SubDyn module are the substructure’s geometry, such as node coordinates 
and member connectivity, masses, inertias, stiffness, damping, and gravity. Offshore support 
concepts are additionally realizable with hydrodynamic loading on the members. Since the 
Craig-Bampton reduction, the necessary state-space formulation, and the static-improvement 
method are essential parts of SubDyn, the next paragraphs provide a short overview over their 
governing equations. Further information about how to derive the procedures and matrices in 
detail are provided by references [32], [33], [34], and [176]. 


Craig-Bampton Reduction 
The main equation of motion for a finite element system, such as in SubDyn is 


MU+CU+KU=F (2.60) 


where U and F are the nodal displacement and external load vectors [32]. M, C, and K are 
the global mass, damping, and stiffness matrices for the whole system. Thereby, M and K 
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are assembled from the element mass and stiffness matrices and C is derived with respect to 
different mode damping ratios for the whole system. These matrices are of dimensions N x N, 
which would lead to computational expensive mathematical operations for typical numbers of 
substructures DOFs with N > 10?. A modal reduction of the linear frame finite-element beam 
model via Craig-Bampton method, supplemented by a static-improvement method achieves a 
significant reduction of DOFs, while accurate results are obtained. Thereby, only the boundary 
DOFs U, from the interface nodes and the reduced interior generalized modal DOFs q,, are 
retained. The Craig-Bampton transformation between the boundary DOFs together with all 
internal DOFs and the reduced generalized DOFs is performed by 


U I OJfU 
Ri =|= =] 2-8 (2.61) 
U o o 


X 


—m m 


where and o are transformation matrices for the interior node DOFs U, with respect to 


the rigid body interface motions Up and for the retained internal eigenmodes with respect to 
the generalized modal DOFs q 


Deriving the full Craig-Bampton reduced equation of motion by means of some mathematical 
steps one arrives at 


M 5 Mh Urp + 0 0 Urp + Eon 4 Urp E Erp (2.62) 
M B 4 1. E 6 Q Bs 0 o n =m 


where F m represents the interior loads, which account for the retained modes, F. Tp are the 
transition piece (TP) loads after Craig-Bampton reduction, M - is the substructures equivalent 


mass matrix, M is a matrix partition after the Craig-Bampton reduction, Z is the identity 


—Bm 

matrix, K - is the substructures equivalent stiffness matrix. In Equation 2.62, the equivalent 
mass and stiffness matrices are referred to the TP and the damping ratio £ is defined as percent of 
the critical damping ratio. Q is amxm diagonal matrix, which represents the eigenfrequencies 
of the retained Craig-Bampton eigenmodes. With this reduced system the number of DOFs 
reduces from 6 x free nodes to 6 + m. Such a significant DOF reduction makes the SubDyn 
module suitable for practical analyses of resolved beam structures in computational expensive 
ASE simulations. 


State-Space Formulation 

The state-space formulation is used to compute the substructures response at each time step. It 
connects the outer inputs, such as the transition piece displacements, velocities, accelerations, 
and substructure hydrodynamic forces called 

u= {U TP U TP U Tp Fi E use to the structural response outputs, such as the transition piece 
loads and the deflections, velocities, and accelerations of the substructure. F; and F5, are 
the hydrodynamic forces on every interior and on the boundary nodes, respectively. A review 
of Figure 2.28 where hydrodynamic interaction is neglected (F L 79 Fupr = 0) may help for 
clarification. 
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Transition piece loads Fyp are calculated by the state-space formulation 


Fo =C x+D a+, (2.63) 


where C , D,. and F i contain input independent and therefore constant model modal pa- 
rameters, wh are likewise used in the Craig-Bampton reduced equation of motion 2.62. In 


T 
Equation 2.63 x = lad, and the input vector u is slightly modified with respect to the 


hydrodynamical forces on the boundary nodes, wherefore it is denoted as u. The later has no 
influence if no hydrodynamic loads are considered. 


M De. , S CM T 
Substructure movements are denoted as Y, = lU R: U; Ur, U, , UR, U. L} and distinguished in 


terms of the interface DOFs Ug and the internal DOFs U. i: A state-space connection between 
the inputs and movements is obtained by using again substructure describing modal parameters, 
contained in the Craig-Bampton reduced equation of motion 2.62 and denoted as C. D, , and 
F P The state-space formulation for substructure movement becomes the similar : md as in 
Equation 2.63 
Y,-C x+D u+F (2.64) 
=» —2 =Y2 


Static-Improvement Method 

Modelling of the important gravity and buoyancy forces requires the inclusion of a huge 
amount Craig-Bampton modes, because the corresponding frequencies are comparatively high. 
Thereby, the advantage of having only a few modal DOFs and a resulting improved computa- 
tional performance would vanish. The static-improvement method is incorporated to overcome 
this issue. It works through accounting for dynamically not included modes by means of a 
quasi-statically approach: It adds the difference between two static solutions to the dynamic 
solution, which was explained before. These two static solutions of the Craig-Bampton modal 
system lead to another transformation as it was in Equation 2.61, namely 


UR 
U I 0 0 0 
iz -|5 = = aan (2.65) 
Ur, m c" 2. po Tro 
mo 


In Equation 2.65 the additional terms ® dio and “2 4 no ate the two static solutions for the 
m 


full Craig-Bampton system with all L DÖFS and the reduced system with m DOFs, respectively. 
The corresponding necessary slight changes to the state-space formulation is explained together 
with more detailed derivations by Damiani, Jonkman, and Hayman [32]. 


53 


2 State of the Art 


2.9 Rotatable Support Structures for Wind 
Turbines 


The general introduction to the state-of-the-art in some aspects of WT technology of the 
previous sections will be extended by the state-of-the-art for rotatable support structures for 
WTS in this section. The investigation of these exotic structures are the main focus of this 
work. The first subsection 2.9.1 provides an overview about the industrial approaches and lists 
some patents, which are related to rotatable wind turbine support structures and in the next 
subsection 2.9.2 some scientific considerations about this topic are reviewed. 


2.9.1 Industrial Approaches and Patents 


Figure 2.29: Rotatable WT tower concept ASPARAGO® by ©Steel Pro Maschinenbau GmbH [177] and from http: 
//www.steel-pro-maschinenbau.de/windenergie.html; accessed 23-January-2019 


Industrial approaches for modern WTs with rotatable tower are presented by Steel Pro Maschi- 
nenbau GmbH from Berlin, Germany. They are trying to establish their ASPARAGO® tower 
with yaw bearing at the tower base in the wind energy business. It has a divided tower profile, 
as shown on the left side in Figure 2.29. The shear connection between both half cylindrical 
shells is realized by strut members. Steel Pro proposes already a solution for the yaw bearing 
at the tower base. This foundation integrated approach is depicted on the right side in Figure 
2.29, but no detailed informations are published’. 


7 State from Mai 2018 
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The Internet page? postulates a linear cost growth as function of the hub height as opposed to 
a polynomial cost growth for conventional steel shell towers. This statement should make the 
tower more beneficial for larger hub heights. The concept is discussed in more detail in the 
later section 6.3.1. Up to February 2019, such a tower has not been built. 


Clipper Windpower from California, USA holds two patents. One for a rotatable WT tower [95] 
and one for a corresponding yaw bearing inside the tower [96]. The principal approach is shown 
in Figure 2.30a and contains a roller bearing at the end of the first quarter ofthe tower. Therefore, 
the rest of the tower is capable to rotate and aerodynamically shaped. 


Figure 2.30: Patent pictures of a rotatable WT tower concept, held by Clipper Windpower [95] [96] 


Figure 2.30b shows the yaw bearing construction inside the tower. It consists of two o-arranged 
roller bearings with a certain distance to minimize the internal radial forces. Figure 2.30c shows 
the aerodynamicly shaped cross section of the tower within a streamline field. The patent text 
states: 


At an average wind speed (free stream velocity) of 25 m/s, the minimum wind 
speed in the aerodynamic wake zone directly behind (downwind) the tower 24 is 
still about 20 m/s, or about 80 % of the free stream velocity. [95] 


For the divided aerodynamic profile in Figure 2.30d, the patent text states that the wind speed 
behind the tower is about 94 % of the free stream velocity. A conventional tower profile under 
the same condition slows the wind velocity behind the tower down to 1.31 m/s, which is 4.52 % 
of the free stream [95]. This indicates a high potential in terms of tower shadow reduction. 
The tower shadow is responsible for periodic exitations from vortex induced vibrations. Note 
that this topic is treated later in subsection 4.4.2. The patents are focused on the aerodynamic 
tower properties and neglect the potential of material saving at the bottom part of the tower, 
because it is not capable to align with the wind. Clipper Windpower does not spend effort to 
this subject anymore, such as indicated by the mail conversation in Appendix 14.1. 


8 http://www.steel-pro-maschinenbau.de/windenergie.html; accessed 23-January-2019 
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Houly Co. Ltd. from Taipei City, Taiwan owns a patent [132] where the principal of a rotatable 
tower with yaw bearing within the foundation is applied, such as shown in Figure 2.31. The 
bearing consists of a hollow cylinder as body and two steel rings (17 A and B in Figure 2.31) to 
lead the forces into the ground. To make the cylinder more stable, it can be filled with concrete 
mortar or other materials. Furthermore, the patent does make a proposition to build a frame on 
a floating structure to contain this kind of yaw bearing in the tower base for offshore WTs. 


Figure 2.31: Schematic sketch of a rotatable tower with yaw bearing in the tower base by Houly Co. Ltd. [132] 


General Electric Company from New York, USA holds a patent with the peculiarity of an 
inclined rotatable tower section at the top of the support structure, such as shown in Figure 2.32. 
Regarding the patent the rotatable section should have a length of 2 to 15 times the tower 
diameter at the top and an inclination angle between 1° and 20°. Remarkably, the rotor axis of 
the hub (26 in Figure 2.32) should keep the inclination of 2? to 5? and therefore gives away the 
opportunity to increase the energy harvest through a vertical rotor alignment. This aspect is 
more discussed in the later subsections 6.2.3 and 10.2. The approach in Figure 2.32a induces an 
additional bending moment according to the increased horizontal distance of the RNA center 
of mass, relative to the vertical axis of the fixed tower part. The other option in Figure 2.32b 
prevents this for the fixed tower section, but leads to larger rotatable section lengths on the other 
side. Moreover, it induces a large imperfection, which has to be considered within the stability 
analysis. 


Siemag Tecberg Group GmbH from Haiger, Germany does have a patent [10] where the 
generator should be provided at the tower base instead of the nacelle. To realize the proposed 
belt drive along the whole tower, it has to yaw together with the rotor and therefore the tower 
has to have a rotatable degree of freedom. This patent sets its focus on the drive train instead of 
the concept of a rotatable tower. A similar patent is provided by Lutz [134]. The patents [99], 
hold by Siemag Tecberg Group Gmbh and [81] by Gernandt are also related to rotatable WT 
towers. 


Aerodyn Engineering GmbH from Büdelsdorf, Germany works on a project called SCD® nezzy. 
Their goal is to develop an 8 MW offshore WT with a guided leaning profiled tower and a self- 
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adjusting, 2 bladed downwind rotor. Three stabilizing floaters are the main parts of the floating 
structure. The company is postulating cost savings of about 40 % compared to conventional 
offshore solutions [166]. The concept does not need a yaw bearing and is aligned to the wind 
by the thrust force on the downwind rotor, the wind pressure on the eccentric tower, and the 
water current. Mooring lines at the joint of one of the floaters enables the structure to rotate 
around a fixed point. 
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Figure 2.32: Inclined tower section with yaw bearing inside the tower by General Electric Company [144] 


All these approaches show, that other people and companies see the potential of rotatable 
WT towers. Therefore, scientific investigations should bring more consistency and show how 
rotatable towers contribute to sustainable and efficient support structures for WTs. 


2.9.2 Scientific State of the Art 


One of the first scientific papers concerning rotatable WT towers was written at the Reichsar- 
beitsgemeinschaft Windkraft [158] community. It was an economic independent community 
of scholars under the NSDAP regime of Germany with the objective to explore the utilization 
of wind as energy source. One ambitious project was the development of the MAN-Kleinhenz 
WT. It should have a rated power of 10 MW with a lee sided rotor. The diameter of the rotor 
should amount to 130 m, the tip speed ratio was 5 and a hub height of 250 m was intended [120], 
such as shown in Figure 2.33. 


The support structure is characterized by a fixed section and a rotatable aerodynamicly shaped 
section. One of the proposed fixed substructures was an eight leg lattice concept with the largest 
width of 110 m at the bottom and 30 mat the top, shown on the left side in Figure 2.33. The right 
side in Figure 2.33 shows a guyed tower section with the consequence of low bending moments 
at the tower base and therefore a small diameter of 8 m is sufficient. The anchor position 
diameter of the right concept is proposed to be 385 m. The aerodynamic shape of the rotatable 
tower section reduces the wind loads at the WT top and the connected aerodynamic nacelle 
leads the air stream around itself to accelerate the air at the blades root area. Furthermore, 
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the nacelle overhang of 27 m behind the tower centerline and the rotor are used as a wind 
vane, wherefore the necessary yaw drive power can be reduced. The MAN-Kleinhenz WT 
was never built owing to the Second World War, but the conceptual considerations of the 
Reichsarbeitsgemeinschaft Windkraft show that rotatable towers did play a role for large WTs 
many decades ago. 
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Figure 2.33: Sketch of the WT MAN-Kleinhenz with two different support structure concepts [120] 


An article from Beye, Rudolf, and Faber of the Wind Energy Technology Institute [14] is focused 
on the relocation of the yaw bearing to the tower base of modern WTs and was based on Beye's 
bachelor thesis [13] about the same topic. In these works, smaller tower profile heights and 
larger profile widths are proposed, which facilitate the transport of welded steel shell tower 
sections through bridges and tunnels. Thereby tower material is saved. The confirmation of 
this statement should be brought within a comparison of two different tower designs for a 
2.5 MW reference WT with a hub height of 79.43 m. The conventional one has a conventional 
circular cross section and the new tower design has an elliptical cross section. The simplifying 
assumptions are to hold the area moment of inertia around the main bending axis at each cross 
section cut equal to the conventional one. Elementary dimensioning without strength, fatigue, 
and buckling analysis postulates material savings of 41.6 9o or 61,234 t for the elliptical tower 
compared to the conventional one. Stiffness requirements are the main design criteria for most 
of the modern wind turbine towers [92, p. 427], wherefore this rough calculation gives an 
indication to the high material saving potential through the concept. Material savings at the 
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tower lead to cost savings, but standing against cost increases for the yaw bearing at the tower 
base. The loads at the tower base were assumed to be ten times larger than at the tower top. 
Furthermore, only small bearing slackness is allowed to avoid additional loads, induced by 
second order displacements at the tower top. A secure tower base yaw drive operation requires 
much effort with respect to high tolerance manufacturing, wherefore costs will increase further. 
Three different yaw bearing concepts are provided within the article, as shown in Figure 2.34. 


The double row four point bearing in Figure 2.34a is a conventional solution for yaw bearings at 
the tower top. It has a low rolling friction resistance, but it tends to have a wear caused bearing 
slackness, wherefore additional second order loads will be induced after certain operation times. 
Furthermore, damaged double row four point bearings have to be replaced by dismantling the 
whole WT. A dry slide bearing, such as in Figure 2.34b is sometimes used in conventional 
yaw systems. It can carry high loads regarding its required space and the adjustment screw 
can be used in combination with the spiral spring to reduce bearing slackness and to adjust 
the frictional torque. In case of damage the bearing housing has to be removed whereby all 
plastic slip bodies can be exchanged without dismantling the tower. The yaw bearing solution 
in Figure 2.34c reminds of the approach in Figure 2.30b with two o-arranged roller bearings. 
This concept needs an inner circular steel tube as an adapter between the rotational asymmetric 
tower profile and the circular bearing block. The connection between adapter and the outer 
tower side is realized by welding and requires high manufacturing effort to realize the required 
small tolerances. Bearing slackness can be adjusted by a nut, but in cases of bearing damage 
the whole WT has to be dismantled. Two bearing manufacturers [2], [126] were commissioned 
to dimension a roller bearing at the base of the reference WT tower by the assumption of 
simplified loads. The results in Table 2.6 show the wide price range of 180,000 € to 450,000 € 
for roller bearing solutions. 


Furthermore, a relation between the mass and the price is provided where the half weight of 
the Liebherr-Components bearing should cost less than half of the price from IMO Energy. 
Moreover, the mass seems to have a relation to the outer diameter, wherefore large diameters 
should be preferred. This small study shows the technical feasibility for yaw bearings at the 
tower base. Economic feasibility under consideration of the high yaw bearing prices from 
Table 2.34 is not given in the article [14], but the important factor of quantity discount is 
neglected and can have a positive influence. Note that Table 2.6 shows only the bearing costs, 
but not the whole yaw system costs. 
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Manufacturer Liebherr-Components IMO Energy 
Type - three row roller bearing 
Weight / t 15 30 

Inner Diameter / mm — 4450 

Outer Diameter / mm 6000 5500 
Running Thread Diameter / mm - 5000 

Price / 1000 € 180 to 220 450 


Table 2.6: Basic manufacturer cost estimates for yaw bearing at tower base [2], [126] 
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Figure 2.34: Yaw bearing concepts for rotatable wind turbine towers from Beye, Rudolf, and Faber [14]. Translated 
and rearranged by the author 
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2.10 Other Related Structural Systems 


To develop a sustainable rotatable tower concept with yaw bearing at the tower base, it is 
appropriate to consider other systems with the ability to resist huge loads while rotating. 
Therefore, railway turntables, rotatable buildings, mobile cranes, bucket wheel excavators and 
rotatable shortwave antennas are analysed with respect to possible tower and bearing solutions 
throughout the following subsections. 


2.10.1 Railway Turntables 


Railway turntables are used to turn locomotives in such a way that they are able to drive in 
the opposing direction or be transferred to another track. They are likewise used to maneuver 
locomotives into roundhouse depots for maintenance or parking. Several different principles 
were already built near the mid-nineteenth century. Concepts with bearing surface at the center, 
at the circumference or at both positions were realized. Roller bearings and pivot wheels were 
used to minimize the rotational resistance [15], such as shown in Figure 2.35. 


1.75 m 


SECTION AA ROLLER DETAIL 


BEARING DETAIL 4 
2X SCALE 
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Figure 2.35: Drawing of a railway turntable?- dimensions converted to meters by the author 


Modern turntables are able to rotate vehicle masses of 100 t to 250 t and have diameters of 24 m 
to 30 m [31]. Railway turntables have to transfer large and along the rail uniformly distributed 
gravity forces into the ground. These loads produce bending moments within the rail, but 
not within the monovalent and divalent bearings at the circumference and center position. 
Therefore, railway turntables do not fit in the load characteristic of large bending moments 
within the wind turbine tower base, but they show that pivot wheels can be an appropriate 
solution for large bearing diameters. 


9 http://www. jdkds .com/blog/wp-content/uploads/2013/87/illustration evmcrr turntable. jpg; 
accessed 13-February-2019 - original reference: [197] 
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2.10.2 Rotatable Buildings 


Often rotatable buildings serve architectural design purposes. Other applications aim for 
practical improvements, such as a better energy efficiency through higher energy yield from the 
sun [86]. In either case a reliable support together with the ability to rotate must be ensured for 
the designed lifetime of those buildings, which may weigh hundreds of tons. An example for a 
rotatable passive energy house is given in Figure 2.36. Owing to its ability to rotate the house 
wall with large windows and solar panels together with the solar panels on the roof can be 
adjusted to the sun over the whole day. Thereby, sun energy is efficiently captured by the house 
throughout the year. Since the house produces more energy than it consumes it is not only a 
passive house, but also an active house [86]. On the right hand side in Figure 2.36 one can 
see the inner timber frame construction. Its ability to rotate is achieved through pivot wheels 
at the outer diameter right under the ground surface and the slewing ring in the non-rotatable 
basement of the house [86]. Thus, the concept is similar to the previous mentioned railway 
turntables in subsection 2.10.1 and has its own patent, owned by Rinn [162]. 


Figure 2.36: Rotatable passive energy house, developed by RINN XI. GmbH. Pictures from Gróger [86] 
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2.10.3 Mobile Cranes 


Mobile cranes have the ability to drive and build themselves up on the building site. The norm 
DIN EN 13000 contains the main informations about construction, manufacturing, mounting 
and safety devices [40, p. 7]. Considering mobile cranes mobility it is appropriate for them to 
have the bearing at the base of the boom, such as shown in Figure 2.37. 


The telescopic crane boom of the LTM 1100-4.2, shown on the left side in Figure 2.37 has 
a maximum hoist height of 91 m and is supported by a triple-roller slewing rim [130, p. 20] 
with an approximately diameter of 1,742 mm (derived from the drawing in [130, p. 2]). The 
word triple refers to three rowed rolling elements within the bearing. More bearing rows 
increase the ability to support heavier loads [29, p. 431] and are necessary to lead the maximum 
load capacity of 100 t to the frame. The frame is equipped with four hydraulic telescopable 
outriggers to pass the loads on to the ground. To heave large weights of 750 t the LG 1750 can 
be used with its guyed lattice concept and a maximum hoist height of 193 m. High overturning 
moments are counterbalanced by counterweights. The technical data sheet shows the use of a 
roller slewing bearing [131, p. 6] with an approximately diameter of 3,468 mm (derived from 
the drawing in [131, p. 11]). This information shows that roller bearings are preferred for high 
axial loads and applications with higher production quantity. Another important aspect is the 
load direction oriented design of the telescopic crane booms, owing to the constant position of 
heaved loads with respect to the boom, such as shown in Figure 2.38a. 


Figure 2.37: Mobile crane LTM 1100-4.2 (left) [129] and LG 1750 (right) [131] by Liebherr 


The paper [91] documents the historical development of their cross sections. The first cross 
sections had simple box shapes without any curvature. This was possible without plate buckling, 
because of the low steel strengths, such as S460Q. Consequently low allowable stresses led 
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to a large wall thickness. As a consequence of the modern higher steel strengths, such as 
S1100Q, corresponding smaller wall thicknesses provoke local plate buckling. One step within 
the development was to provide more foldings and to weld reinforcements into the profile, such 
as shown in Figure 2.38b. This led to great manufacturing expenditure and could be avoided 
by adding more foldings in such a way that the plate buckling problem became a shell buckling 
problem with higher buckling resistance, such as presented in Figure 2.38c. 


Figure 2.38: Deformation of a telescopic boom under heavy loads (a) and their old and new cross section shapes (b 
and c) [91] 


2.10.4 Bucket Wheel Excavators 


Bucket wheel excavators gained the widest application in the area of surface mining [101] and 
their engineering principals are mentioned in DIN 22261-2 [39]. They consist of a slewing 
superstructure, which contains the bucket wheel boom (1) and the counterweight boom (2) with 
winches (3) to position the bucket wheel (4), such as shown in Figure 2.39. 


The bucket wheel is used to mine mineral volume flows of up to 14,000 m? /h and can be raised 
to a height of up to 50 m in case of a SR6300.'° Superstructure booms can be realized by solid 
wall or lattice concepts and will be made most commonly out of the steel grade S355J2+N [101]. 
Exact counterweight adjustments with respect to different bucket wheel boom positions are very 
important to guarantee static stability of the excavator [23]. Therefore, bucket wheel boom 
positions have an influence to the acting moment at the slewing bearing. Many different roller 
bearing types can be used to make the superstructure rotatable. The main bearing load is axial 
owing to the high mass of the superstructure, wherefore cylindrical roller bearings are preferred. 
Excavators, such as the 288 giant-type reach bearing diameters of 20 m.!! This affirms the use 
of roller bearings even for large diameters, but is restricted to special manufactures, such as 


10 http: //bucket-wheel- excavator. fam.de/; accessed 13-February-2019 
!! the same homepage as the previous footnote 
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bucket wheel excavators and not necessarily applicable for mass production applications, such 
as WT yaw bearings. 


Figure 2.39: Schematic drawing of the bucket wheel excavator RBW 262 [39, p. 112] 


2.10.5 Rotatable Shortwave Antennas 


Shortwave antennas are used for wide range radio signal transmission of frequencies between 
6 MHz and 26 MHz [125]. Concepts of the past need a huge amount of material and field 
area, because their radiation elements (dipoles) had not the ability of self alignment. Recent 
developments overcame these problems through a rotatable structure, which bears all dipoles 
and reflectors, such as shown on the left side in Figure 2.40. 


It consists of a hollow concrete foundation, which contains the short wave radio station. A 
short non-rotatable circular shell section is on its bottom flanged to the foundation and bears 
the rotary joint on its top. This rotatable joint, depicted on the right side in Figure 2.40, is a 
three row roller bearing known from the discipline of mechanical engineering. 


High requests to the circular and planar shape accuracy of the fixed shell flange, the roller 
bearing, and the rotatable circular shell is a challenge in terms of manufacturing. These 
requests are necessary to guarantee constraint free rotation. Corresponding ovalization of the 
shells is prevented by three triangular ordered stiffening members within the tubes. A light 
weight lattice structure bears secondary lattice arms, which support all dipoles and reflectors. 
It is placed on top of the rotatable tubular shell section. The lattice arms are connected rigidly 
to the load-direction-derived rectangular main lattice shaft. Its dimensions are 2.1 m x 3.4 m 
and therefore a different bending stiffness along the main load direction and its orthogonal 
direction is achieved. The outer dimensions of this rotatable shortwave antenna are 80 m height 
and 76 m width. The resulting area is filled with many members and antenna ropes, wherefore 
high wind speeds combined with icing conditions are most critical for the structure. However, 
fatigue loads are not as high as in the case of wind turbines, because the later experience huge 
changing thrust forces from the rotor disc additionally to the comparatively low aerodynamic 
drag forces on the support structure. 
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Figure 2.40: Rotatable short wave antenna, built in 1996 for Deutsche Bundespost (left) and its detailed roller bearing 
joint (right) [125] 


Low fatigue loads make the used tubular members with its resulting welding joints convenient for 
arotatable shortwave antenna. Another shortwave antenna concept described in [25] and [168] 
has guyed dipole arms instead of rigid connections, wherefore less material is required. The 
exchange of the roller bearing at the antenna base is possible without dismounting in the case 
of failure, as given in [168]. A lifting device is used to heave the whole antenna, but previous 
guying is necessary to reduce the acting overturning moments. 


2.10.6 Summary of Findings from Related Systems 


Mobile crane booms, bucket wheel excavator booms, and rotatable shortwave antenna support 
shafts are mainly loaded from one direction, wherefore some of their general concepts are 
applicable for rotatable WT towers. Boom profile shapes are suited for their load direction and 
account for the difference between a pressure and a tension side. Therefore, higher curvature is 
provided on the pressure side of solid wall cross sections. Lattice structures account for the main 
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load direction through different side lengths to increase the bending stiffness around the mainly 
loaded axis. Modern mobile crane booms are out of high-strength fine-grained steel, because 
of static loads. In opposition, bucket wheel excavator booms are more designed with respect 
to fatigue and therefore consisting of lower steel grades, such as the hot-rolled structural steel 
S355J2+N. This achieves lower steel costs, because the current Eurocode 3 norm DIN EN 1993- 
1-9:2010-12 for fatigue does not distinguish between steel strengths regarding their fatigue 
resistance [47]. In contrast to this, research activities of Ummenhofer et al. [188], [187] show 
that relations between steel strengths and their fatigue resistance exist especially if welding 
seems are treated after welding by a High Frequency Impact Treatment (HiFIT) or by an 
Ultrasonic Impact Treatment (UIT). 


Different bearing solutions are proposed by the previous industry applications. The most 
of them are working with roller bearings in between a large diameter range from less than 
1 m up to 20 m. Production quantity has to be considered if the former findings should 
be applied to WT towers. WTs are produced in higher quantity as bucket wheel excavators 
and shortwave antennas, wherefore the economical benefit of mass production of large roller 
bearings can be exploited. Another way to realize large bearing diameters is obtained by pivot 
wheels, rolling on a rail and optionally combined with an inner slewing ring, such as railway 
turntables and rotatable houses have. All the findings in related technical fields show that huge 
bearing diameters are possible, while large axial loads have to be carried. At the same time, 
rotatable shortwave antennas show that large bending moments are likewise supportable by a 
roller bearing with comparatively small diameter. These findings show already that technical 
feasibility for rotatable WT towers is given. 
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3.1 Methodological Approach 


This work focuses on the load analysis of rotatable WT support structures, but it was appropriate 
to analyse the loads of a conventional WT first. Resulting findings helped to understand the 
driving influences and the loads analysis methodology could be validated. After an appropriate 
reference WT was chosen in section 3.2, simplified analytical equations show the influence of 
WT dimensions regarding the tower base bending moment in section 3.3. Next, a literature 
research for ASE calculated loads of scientific relevant reference WTs in section 3.4 is pre- 
sented. In the end, the analysis of the reference turbine in section 3.5 achieved a systematic 
comparison between the conventional reference and the later presented rotatable support struc- 
ture. Moreover, it delivered a validation for the ASE load simulation procedure. Note that the 
state-of-the-art framework, FAST, mentioned in subsection 2.8.2, was used for all ASE load 
simulations. 


3.2 Reference Wind Turbine 


Reference WTS serve the purpose of comparability between different research and development 
projects and to set new standards. Therefore, it was appropriate to chose one reference WT as 
basis for the development of a rotatable support structure. Some published reference WTs are 
summarized with fundamental specifications within Table 3.1. 


In this work, the NREL 5 MW Baseline WT and its conventional tubular steel tower was chosen 
as reference, due to following reasons: 


* Practical relevant land-based WT power class 

* Representative tower concept for the most land-based WTs 
* Properties are based on the real existing REpower 5M 

* Comprehensive parameter documentation 


* Already implemented in the ASE FAST framework 
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* Detailed ASE load simulation results are published 


* Most used reference WT in research projects 


Its properties are listed in Table 3.2. 


Institution Rated Rotor Hub Tower Ref. 
Power / MW | Diameter / m | Height / m Concept 
UT Dallas, U.S. 
UM Michigan, U.S. 20.0 276.0 160.2 Tubular Steel [4] 
TU Delft, Netherlands 
DTU Risø, Denmark 10.0 178.3 119.0 Tubular Steel [5] 
UCC Cork, Ireland 8.0 164.0 110 Tubular Steel [37] 
DNV GL Berum, Norway 
NREL Golden, U.S. 5.0 126.0 90.0 Tubular Steel [109] 
WETI Flensburg, Germany 3.5 140.0 150.0 Steel/Concrete Hybrid | [183] 
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Property Unit Value 
Rated power MW 5.0 
Rotor orientation -= Upwind 
Blades - 3 
Control _ Variable Speed, Collective Pitch 
Gearbox = Multiple-Stage 
Rotor diameter m 126.0 
Hub height m 90.0 

Vin, Ve, Vout m/s 3.0, 11.4, 25 
Rotor speed in, rated | 1/min 6.9, 12.1 
Rotor mass t 110.0 
Nacelle mass t 240.0 
Tower mass t 347.46 

1. Tower FA freq. Hz 0.324 

1. Tower SS freq. Hz 0.312 

2. Tower FA freq. Hz 2.900 

2. Tower SS freq. Hz 2.936 


Table 3.2: Property of the 5 MW NREL reference wind turbine from [109] 


3.3 Quasi-Steady Loads Sensitivity to Structural Dimensions 


3.3 Quasi-Steady Loads Sensitivity to Structural 
Dimensions 


Quasi-steady loads, such as defined in Table 2.5 of subsection 2.8.1, are dependent on the 
structural properties of a WT. This subsection treats analytical load estimations for different 
WTs with conventional tubular towers to show these dependencies. Tubular tower design 
driving load components are the internal normal forces and the acting bending moments. 
While normal forces are due to the structural self-weight, bending moments result form the 
mean rotor thrust and the aerodynamic drag forces on the tower with their respective lever arms. 
Thereby, the mean rotor thrust is a function of the rotor diameter and the hub height. Tower 
drag forces are due to the tower diameter and the tower height. Mean rotor thrust T and tower 
drag W estimates can be carried out according to Gasch [77] by the relations 


1 

T = 5 Pair Ar Cr Và (3. 
1 

W = 5 Pair Ar co Vo (3.2) 


where pair is the air density, Ar and Ar are the rotor and projected tower area, cr and cp 
are the assumed rotor thrust and tower drag coefficients, V4 equals to the wind speed at hub 
height, and Veq equals to the equivalent wind speed at the weighted wind attack point on 
the tower, respectively. Furthermore, an exponential wind profile according to IEC 61400- 
1 [50] was assumed to calculate the wind speed distribution V,(z) along the WT height. It 
followed from the relation, given in Equation 2.11. The thrust force of the rotor in Equation 3.1 
was calculated by the mean wind speed of the exponential wind profile in Equation 2.11: 


1 1 
(W(z) {zu ^ =Drot € z € Zu + =Drot}. Furthermore, the wind drag force per unit length was 
given through normalization of Equation 3.2 by the hub height zy. 


1 
qw.x(2) = 5 Pair Dr(z) co (Y (3.3) 


For the purpose of this loads study, the outer tower diameter Dr(z) is represented by the linear 


Equation 3.4 
Dr- D 
Dr(z) = Dr,» + a Te z, (3.4) 
H 


71 


3 Load Analysis of Conventional Designs 


where Dr(z = 0) = Dr.» is the tower base diameter and Dr(z = zu) = Dr. is the tower 
top diameter, respectively. Usage of Equation 3.4 and integration of the wind line load of 
Equation 3.3 delivers the accumulated shear force distribution according to 


Qw,x(z) = f i qw,x(x) dz 


zu=2 |] Dr. = Dr.» z Q2 
= / 7 Pair [Pr + ———À z| co [Va | — dz 
0 ZH ZH (3.5) 
1 VaV 2e | Dr Dry, — Dr,» 
= - € we = + = 
2 Pair CD E (zu — z) 2a+l m2a+2) (zu - 2) 


eS 
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Another integration of Qw x(z) and T delivers the bending moment due to tower wind loads 


E E / er: 


u Dr,» Dr. - Dr» 
= C _ 2a+l > + E > a d 
f (zu = 2) 3641 moan 9| 4 
Dr» Dri - Dr» ial 
= -C (zu - zy 2 > > > a) 
a 4346932 whose A 
E Dr,» ( 2a+2_ 2 ee) " Di, — Dr,» (<i at3 2 | 
402 +6a+2\" zu (4 0? + 10a +6) V 
(3.6) 
and due to rotor thrust 
ZH=Z 
My ,(z) = T dz 
r= f en 


- T (zu - z) 


Application of these equations together with the parameter set from Table 3.3 reveals the 
magnitude of FA bending moments in a rated steady wind speed situation for different hub 
heights and rotor diameters. 


The thrust coefficient for rated wind speed was calculated according to the 5 MW NREL 
reference WT [109] and outer tower dimensions were taken from it, likewise. An exponential 
wind profile with a = 0.2 was chosen, with respect to IEC 61400-1 [50]. 


Figure 3.1 shows the resulting bending moments from Equations 3.6 and 3.7 at z = 0 for the 
tower base in different relations and WT configurations. The top diagram depicts the absolute 
tower base bending moments for the rated wind speed of V, = 11.4 m/s for different tower 
heights and rotor diameters. The moments increase with increasing dimensions, as expected. 
In the middle diagram, tower base bending moments caused by the tower drag are related to 
moments caused by the rotor thrust. For this parameter set, the tower drag load contribution of 
2 % to 11 % is relatively small with respect to the rotor thrust contribution. The bottom diagram 


72 


3.3 Quasi-Steady Loads Sensitivity to Structural Dimensions 


relates the bending moments, caused by tower drag from a parking extreme wind situation with 
Vet = 50.0 m/s to the same rated rotor thrust induced moments as in the middle diagram. It 
stands out, that tower drag in such situations is no more negligible and may cause multiple 
higher bending moments than in rated production states. For rotatable WT support structures, 
SS bending moments and their magnitude with respect to FA bending moments should be 
considered, likewise. This study indicated that a rotatable WT support structure with yaw 
failure may experience significant side loads in parking extreme wind situations. In case of the 
5 MW NREL reference WT parameters with a hub height of zu = 87.6 m and a rotor diameter 


of Drot = 126 m, a ratio between the extreme wind tower drag induced bending moment and 


: Mw, (extreme) 
the rated rotor thrust induced moment of —————————— = 0.38 resulted. Another moment, 
Mr,»,y(rated) 


which acts in the SS plane is the rated generator moment, but it amounted to merely 0.041 MNm 
and is therefore small compared to the FA moments, presented in Figure 3.1. Other significant 
SS bending moments may result from ASE load simulations, where skewed wind inflow and 
dynamic effects can be included. 


Symbol Value | Unit 


V; normal 11.4 - 
Vef extreme | 50.0 - 
Pair 1.225 > 
CT 0.856 | — 
CD 1.1 — 
Q 0.2 _ 
Dr,» 6 m 
Dr. 3.87 | m 


Table 3.3: Assumed parameters for tower quasi-steady loads estimation 
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Figure 3.1: Absolute tower base bending moments for different hub heights and rotor diameter (top), tower base bending 
moments from tower drag relative to bending moments from rotor thrust for rated wind speed (middle), and 
bending moments from tower drag in extreme wind parking situation relative to bending moments from 
rotor thrust for rated wind speed (bottom) 


3.4 Loads from the Literature 


Two of the most relevant scientific reference WTs are the 5 MW NREL [109] and the 10 MW 
DTU [5]. The performance class of the 5 MW NREL WT is closer to already built WTs, 
wherefore it has more practical relevance and was selected as reference WT for this work. 
Unfortunately, the public literature provides not that much information about detailed ASE 
calculated extreme and fatigue loads for modern WT configurations with the exception of 
NREL's 5 MW onshore and offshore WT [110], NREL's WindPACT studies about 0.75 MW, 
1.5 MW, 3.0 MW WTs [136] and DTU's 10 MW offshore turbine [5]. The most load 
direction relevant factor for rotatable WT support structures is the bending moment ratio of 
the moment around the rotor plane parallel axis (FA) divided by the moment around the rotor 
plane orthogonal axis (SS). Previous listed references provide extreme and fatigue bending 
moment ratios, whereby fatigue loads are calculated according to Miner's cumulative damage 
rule [141]. 


Figure 3.2 shows the summary of bending moment ratios dependent on the rotor diameter for 
the different WT configurations. Abbreviations ULS and FLS in the legend are representative 
for the ultimate limit state and fatigue limit state, respectively. Formula symbols P, and App 
are equal to the rated power and the hub height of the WT. Unfortunately, the 10 MW DTU 
documentation has some inconsistencies regarding the tower base bending moments, wherefore 
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the tower top bending moment ratio was entered instead.! Life time equivalent fatigue bending 
moment ratios of the DTU WT are insecure likewise, but they were entered in the case, that 
the inconsistency exists within a unit conversion fault, which would not affect the ratio itself. 
Furthermore, each study considered a different set of DLCs, which are summarized within 
Appendix 14.2. All DLC meanings are presented within subsection 2.2.2. The examined 
DLCs by DTU are the most comprehensive. In contrast to that, the WindPACT study does 
only respect a few DLCs. The analysis of the DTU and the analysis of the 5 MW NREL WT 
show, that the most critical DLC for ultimate loads is the DLC 1.3 with the extreme turbulent 
wind model. This DLC has not been examined within the WindPACT study, whereby the lower 
tower base bending moment ratios are explainable. 


All presented ratios are > 1, which means that the general tendency for higher loads according 
to the FA bending axis compared to the SS bending axis can be assumed irrespectively of 
modern WT configurations. Thus, material saving potential of a rotatable support structure 
compared to a non-rotatable one is given for different WT configurations. 


8 
| [+++ WindPACT ULS P. -0.75MW, Hyg, 60m —— 
E xXx WindPACT FLS P. —0.75 MW, Hy, =60m 
= w¥y WindPACT ULS P. =1.5MW, Hy, Hm = 
> ada WindPACT FLS P. —L5MW, Hin —84m 
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Figure 3.2: Tower base bending moment ratios My / Mx according to different references and WT configurations 


! The tower base extreme bending moments of the 10 MW DTU reference WT are in the same magnitude as the tower 
top bending moments. Own tower base load estimates according to the given rotor thrust revealed them as being 
too low. Nevertheless they would result an bending moment ratio of My/ M xx = 2.87, which is equal to the ratio 
of the tower top bending moment ratio. 
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3.5 ASELoad Analysis of the Reference Wind 
Turbine 


While the previous section presents loads from the literature, in this section the FAST frame- 
work, introduced in subsection 2.8.2, was used to perform own loads studies for the non-rotatable 
reference tower. This first analysis served as validation of the general ASE load simulation 
procedure and as reference to the later ASE load simulation of the rotatable support structure. 
Python? scripts were written to automatically generate all required input files for the TurbSim 
turbulent wind field generator, for the IECWind? steady wind field generator, and for the FAST 
environment. Thereby, the parameter settings for the different DLCs could be set by minimizing 
the probability of typing errors. Moreover, to shorten the ASE simulation time, the analysis 
was parallelized by distributing the start command of the different simulation jobs over several 
batch files. Thereby, one batch file for each thread of the computer was created. 


3.5.1 Validation of ASE Load Analysis Procedure with DLCs 
1.x 


ASE load simulations are sensitive to many parameters, whereby inexperienced engineers tend 
to make mistakes in setting the correct values and to pick the wrong underlying models. For this 
reason, an existing study was used as basis for further investigations. The previous mentioned 
study of Jonkman [110] presents load comparisons between the land-based 5 MW NREL 
reference WT and an offshore floating version of it. The following own loads analysis used all 
the parameters, given in this study [110] to reproduce the same loads analysis results. This step 
ensured the correct application of this complex ASE tool. Nevertheless, a brief summary of 
the most important applied parameter settings, simplifying assumptions, and considered DLCs 
of the comparative study [110] are presented beforehand. 


Modelling Assumptions in the ASE Load Analysis of Jonkman [110] 

The study [110] uses the NREL 5 MW Baseline WT, presented in 3.2, as a land-based and as an 
offshore variant with floating barge. For this work, only the land-based version was of interest. 
For comparison between the land-based and the offshore version, Jonkman [110] chose an 
offshore reference site in the northeast of the Shetland Islands of Scotland in collaboration with 
ITI Energy. Since both versions should experience the same wind conditions for comparability, 
a power law exponent of a = 0.14 was used for the land-based and for the offshore variant. 
The power law exponent is applied in the underlying power law wind profile, introduced in 
subsection 2.2.2. Note that extreme wind conditions with a recurrence period of 1 year and 
50 years were modelled with a = 0.11. The reference 10 min average wind speed V;.r and the 
expected turbulence intensity [ef were assumed according to WT class BI. Values for Vier and 
Treg may be reviewed from Table 2.3. The air density was chosen with respect to IEC 61400- 


? The Python(x,y)-2.7.10.0 distribution was used. It is available at https: //python-xy.github.io/; accessed 
21-July-2020 
3 TECWind version 4.0 was used in this work 
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k 
1 [50] to be pair = 1.225 = Simplifications in this study were made by the exclusion of 


earthquakes, wake effects from neighbouring wind turbines, atmospheric pressure variations, 
and the soil conditions. Thus, the WT was clamped to the ground rigidly. Following DOFs 
were enabled in the analysis: two flapwise and one edgewise bending-mode for each blade, 
one drivetrain torsion, one variable generator speed, one nacelle yaw, and two FA and two SS 
tower bending modes. Scaling of two blade masses, one with +0.5 % and one with —0.5 % of 
the reference mass was incorporated to mimic a rotor imbalance. Furthermore, blade structural 
damping ratios of each blade mode were set to 2.5 % of the critical value. Aerodynamic tower 
drag was neglected, because it was not available in AeroDyn, at that time. The ASE simulations 
were carried out with FAST glue-code version 6.10a-jmj and AeroDyn version v12.60i-pjm. 


DLC Specifications in the ASE Load Analysis of Jonkman [110] 

Due to the preliminary nature of the study [110], not all DLCs, demanded by the IEC 61400- 
1 [50], were analysed. Although it is stated, that fatigue behaviour governs the design of WTs 
in many cases, fatigue DLCs were neglected. This step is justified, because the study claims to 
cover only a first step of an iterative design procedure where an initial concept is designed with 
respect to ultimate loads, before it is checked for fatigue.^ Start-up and shutdown DLCs (3.x, 
4.x, 5.x) as well as the transport, assembly, maintenance, and repair DLCs (8.x) were neglected. 
Jonkman [110] stated that in his experience with land-based turbines, the omitted DLCs did 
not dominate the ultimate loads. Consequently, the land-based relevant DLC specifications in 
Table 3.4 were considered. 


In case of statistical extrapolated loads in DLC 1.1, the PSF for loads is 1.25. Jonkman stated 
that in his and others experience loads increase about 20 % after extrapolation. Therefore, 
he replaced the extrapolation procedure by scaling the loads of DLC 1.1 with a factor of 
1.2 [110, p. 100]. In power production DLCs, the quasi-steady BEM axial-induction model 
with the Beddoes-Leishman dynamic-stall model were used in AeroDyn. For parking DLCs, 
these models were disabled because they were unsuitable for high post-stall angles of attack [110, 
p.97]. Moreover, parking DLCs were modelled with an idling rotor and 90° pitched rotor blades. 
According to IEC 61400-1 7.4.2 [50], fault situations with the most unfavourable consequences 
have to be considered. Jonkman [110] decided to simulate a fault in DLC 2.1 where one blade 
is running suddenly with full pitch rate of 8 °/s to 0°. It was assumed that the WT protection 
system detects the fault and that the control system performs a shutdown with 0.2 s delay. The 
shutdown happened through feathering the other two blades to 90°. 


* see also van der Tempel [189]. 
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Design situation | DLC Wind condition Controls / Events PSF 
1) Power production | 1.1 NTM Vin < V4 < Vout Normal operation 1.25: 1.2 
13 ETM Vin < Vg < Vout Normal operation 1.35 
1.4 |ECD Vu = V -2m/s,V,| Normal operation; +Awind dir 1.35 
V. +2 m/s 
1.5 EWS Vin < Va < Vot | Normal operation; +ver./hor.shr. 1.35 
2) Power production | 2.1 NTM Vy = V, Vout Pitch runaway — Shutdown 1.35 
plus occurrence of | 2.3 | EOG Vy = V, + 2 m/s Loss of load — Shutdown 1.10 
fault and Vout 
6) Parked (idling) | 6.1 0.95 EWM 50-year Yaw=0°, +8° 1.35 
recurrence period 
6.2 0.95 EWM 50-year Loss of grid 1.10 
recurrence period —180? < Yaw < 180° 
6.3 0.95 EWM 1-year Yaw=0°, +20° 1.35 
recurrence period 
7) Parked and fault | 7.1 0.95 EWM 1-year Seized blade 1.10 
conditions recurrence period Yaw=0°, +8° 


Table 3.4: By comparison study [110] considered land-based relevant design load case specifications 


In DLC 2.3, loss of the generator load was subordinated and the WT control reacted with a 
shutdown after 0.2 s delay. This shutdown feathered all 3 blades at full pitch rate to 90°. The 
generator loss happened at different times during the gust, for each wind speed. The parking 
DLC 7.1 with fault was simulated with one blade at 0° pitch position and the other two blades 
at 90° pitch position. Prescribed wind speed ranges, such as Vin < Vu < Vout, were discretized 
by means of 2 m/s steps, starting at 4 m/s and ending with 24 m/s.? This wind speed range 
is likewise required for DLC 2.1, but Jonkman [110] decided to simulate only wind speeds 
V. and Voy, because they led to the highest loads in his experience. Yaw misalignments were 
introduced by prescribing non-zero yaw angles where DLC 6.2 was simulated with a 20° yaw 
angle discretization step size. All turbulent 3D wind fields were generated with TurbSim [106] 
v1.20 and an assumed Kaimal wind spectrum. Deterministic wind conditions were generated 


5 See also IEC 61400-1 7.4 [50]. 
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with a customized version of IECWind v5.00 to account for a power law exponent of a = 0.14 
instead of a = 0.2. IEC 61400-1 prescribes in 7.5, that the spatial resolution of the wind field 
grid, such as shown in Figure 3.3, should be smaller than min (0.25 A1,0.15 Drot} = 10.5 m. 
Finally, Appendix 14.4 summarizes the required simulation time periods and its corresponding 
random seeds to be used for each wind speed in turbulent wind fields. The rotor speed and the 
pitch angles had to be initialized with respect to their steady state values for a given mean wind 
speed. Despite such initialization precautions, complete suppression of transient behaviour in 
the beginning of a computational analysis is difficult. Therefore, each simulation time period 
was extended by another 30 s. Thus, the first 30 s of an analysis would not be accounted for in 
the post processing step. Moreover, transient deterministic wind events were initiated at 60 s 
after simulation start, due to the same reason. 


Figure 3.3: Exemplary wind field discretization grid 


Validation of own ASE Load Results 

Jonkman [110] applied the PSFs in Table 3.4 to the load results of each DLC to weight them 
properly for comparison. Due to modelling instability problems in [110], not all DLCs of 
Table 3.4 led to realistic results. Subsection 3.5.2 treats the instability problems in more detail. 
Jonkman [110] decided to divide the DLCs into two groups: DLCs 1.x and all other DLCs. In 
the end, he listed only the extreme load tables of the first group because of the uncertainties 
with the other DLCs. In this validation, the rotor thrust (RotThrust), the rotor torque (RotTorq), 
the blade root bending moments (RootMxc1 (in-plane), RootMyc1 (out-of-plane)) of blade 
1, and the tower bending moments (YawBrMxp, YawBrMyp (at the top about x and y axes), 
TwrBsMxt, TwrBsMyt (at the bottom about x and y axes)) were considered. Note that the names 
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for the different loads correspond to the load sensor names, defined in the FAST environment. 
Due to the stochastic nature of ASE load analyses with turbulent wind fields, deviations from the 
comparison study of Jonkman [110] could be expected. Unfortunately, no further information 
about the statistical properties, such as the expected value u or the standard deviation o of 
his results with six random seeds per wind speed were available. Haid et al. [90] published 
information about expected load deviations with respect to the amount of selected random 
seeds in ASE load analyses of offshore floating WTs. They [90] provide an investigation for 
the absolute maximum blade root out-of-plane bending moment at 12 m/s mean wind speed in 
the NTM wind model. This bending moment diverged with 10 random seeds by 3.5 9o from 
the mean of 36 random seeds with 95 % confidence. Similar results could likewise be observed 
for other loads. 


In the present comparison of loads another method was applied for the purpose of valida- 
tion. The goal was to simulate a larger amount of stochastic sensitive timeseries to show the 
probability with which Jonkman's [110] results would occur in own load analyses. For this 
purpose, all 1.x DLCs were simulated with the same settings, as in the comparison study of 
Jonkman [110]. The only difference was the amount of chosen random seeds for the extreme 
load relevant wind speeds. For DLC 1.1 with wind speed Vy = 24 m/s and DLC 1.3 with wind 
speeds Vy = 20 m/s and V4 = 24 m/s, 500 random seeds were simulated instead of 6. These 
wind speeds were more relevant than the others because according to appendix F in [110], the 
extreme loads of the most considered sensors occurred within them. Table 3.5 summarizes the 
results of the comparison study [110] and the own load simulations. Thereby, the first column 
lists the considered load sensors, the second and third columns contain the calculated extreme 
loads of each load sensor together with the corresponding DLC and mean hub height wind 
speed where they occur. Column two contains the results of the comparison study [110] and 
column three the results of the own simulations. The last column gives information about the 
unit of the load sensor and its value deviation with respect to the comparison study [110]. A 
positive deviation indicates, that the own result is higher than the comparison result. Table 3.5 
shows, that this was true for each considered load sensor, except for the FA tower base bending 
moment (TwrBsMyt). The reason for that is discussed later in this subsection. For some 
sensors, such as the in-plane bending moment of blade 1 (RootMxc1), the FA bending moment 
at the top of the tower (YawBrMyp), and the SS bending moment at the bottom of the tower 
(TwrBsMxt) deviations of > 10 % occurred. Furthermore, the driving DLC for the out-of-plane 
blade bending moment (RootMyc1) changed from 1.4 r+2 to 1.3 V24. Note that r+2 denotes 
rated wind speed at hub height plus 2 m/s and V24 denotes 24 m/s wind speed at hub height, 
respectively. All these result differences are justified through the huge difference in the number 
of considered random seeds. Due to probability, more random seeds in certain DLCs increase 
their chance to be load drivers. 


Therefore, a closer look into the statistical evaluation of extreme loads helped to explain the 
differences. Figure 3.4 highlights the statistical results for the rotor thrust, the rotor torque, 
and the blade 1 bending moments. The results are presented in form of the probability density 
function (PDF) 
_@- pH? 
PDF (x, o) = o2(x) = ——e 207 , 3.8 
u Pu,02(X) NE (3.8) 
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where u and c? are the expected value and the variance of the extreme loads of all considered 
10 min timeseries for load sensor x. In this case the arithmetic mean is the expected value, thus 


H-x. 


Jonkman [110] Present 
Load Sensor | DLC Value DLC Value | Unit Deviation % 


RotThrust 1.3 V20 1.53e3 | 1.3 V20 1.57e3 | kN 2.62 + 0.66 
RotTorq 1.1 V24 7.84e3 | 1.1 V24 8.35e3 |kNm 6.53 € 0.13 
RootMxc 1 1.1 V24 1.11e4 | 1.3 V24 1.29e4 |kNm 16.22 + 0.97 
RootMycl 1.4r+2 2.22e4 | 1.3 V24 2.37e4 |kNm 6.66 + 0.46 
YawBrMxp | 1.1 V24 8.42e3 | 1.1 V24 8.89e3 |kNm 5.602 0.12 
YawBrMyp | 1.3 V24 1.5le4 | 1.3 V24 1.73e4 |kNm 14.77 € 0.71 
TwrBsMxt 1.3 V24 4.09e4 | 1.3 V24 5.73e4 |kNm 40.08 + 0.29 
TwrBsMyt 1.3 V20 1.53e5 | 1.3 V20 1.48e5 |kNm -3.27 + 0.64 


Table 3.5: Extreme loads of the comparison study [110], compared to own results 


Each chart in Figure 3.4 shows the result of one load sensor, explained at their ordinate. In the 
background of the curve the underlying probability distribution is plotted with discrete bars. 
This is helpful to compare the real distribution with the assumed PDF. Furthermore, u and 
the corresponding maximum value of the comparison study are plotted to the PDF curve to 
show their relative positions. The legend of each chart contains the coefficient of variance 
and information about the statistical standard deviation distance of the comparison study result 
with respect to the expected value u. The PDF curves are cut at the minimum and maximum 
extreme values, that occur for all random seeds in that DLC and wind speed. 


Meaningfulness of the results is given through the high amount of random seeds. This includes 
some statistical outliers, which occurred in both directions of the blade 1 bending moments 
(RootMxc1, (RootMyc1)) and in the positive direction of the rotor torque (RotTorq). Especially 
the maximum out-of-plane blade bending moment (RootMyc1) of the comparison study is close 
to such an outlier with a distance of 5.8 c to u. It was appropriate to investigate the respective 
timeseries to make sure, that no numerical error caused the outlier. Appendix 14.3 shows 
the out-of-plane blade bending moment driving timeseries of some important load sensors. 
Thereby, a dip in the generator power and the pitch angle occurred simultaneous with the 
extreme load of the out-of-plane bending moment, but no numerical instability was observed. 
The dip was due to an abrupt drop in the wind speed, which forced the control region to change 
from 3 to 2. The fast pitch angle adjustment should improve the wind energy conversion 
efficiency, while higher loads were tolerated. Therefore, this timeseries was considered to be a 
valid case. 
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Figure 3.4: 
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Probability density of extreme rotor thrust, rotor torque, and blade 1 bending moments of DLC 1.1 and 
DLC 1.3, compared to extreme loads of Jonkman [110]. Each PDF chart is based on the simulation of 500 
random seeds. Each seed represents a simulation time period of 10 min. 
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Figure 3.5: Probability density of extreme tower top and tower bottom bending moments of DLC 1.1 and DLC 1.3, 
compared to extreme loads of Jonkman [110]. Each PDF chart is based on the simulation of 500 random 
seeds. Each seed represents a simulation time period of 10 min. 


Analogous, the statistical results of the extreme tower bending moments are shown in Figure 3.5. 
Here, only the FA tower base bending moment (TwrBsMyt) shows some significant outliers and 
the reference result of the NREL comparison study [110] had a distance of 4.0 c from u. The 
maximum value of TwrBsMyt in the own analysis was 1.48e5 kNm and was therefore 3.3 % 
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lower than the result of the comparison study [110]. Unfortunately, the study [110] gives no 
information about the numerical stability of the interesting timeseries nor shows the timeseries 
themselves. This is due to the different scope of Jonkman [110], who compared the land-based 
and offshore extreme loads with focus on the complex offshore floating barge support. Thus, 
there are four possible scenarios, which could explain that the own results for the FA tower base 
bending moment are slightly lower than the results from the comparison study: 


1. The present own ASE loads analysis had somewhere different settings than the compar- 
ison study. 


2. The more recent software versions of FAST, AeroDyn, and TurbSim, used in the own 
analyses, led to incomparability between the results due to underlying changes in the 
physical models. 


3. The result of the comparison study [110] was a valid statistical outlier. 


4. The result of the comparison study [110] could be an invalid statistical outlier due to 
numerical instability. 


To treat scenario 1., Appendix 14.5 shows the main input files, from which the new valid 
maximum FA tower base bending moment resulted. Showing the corresponding input files is 
necessary for transparency anyway. The answer to scenario 2. is, that according to the AeroDyn 
change log [26], no changes to the physical models were done between the relevant software 
versions, which would lead to the load differences. If more recent options were available, the 
settings in AeroDyn and TurbSim were set such that they mimic the settings of the comparison 
study. For example the aerodynamic tower drag CalcTwrAero was disabled and the ScaleIEC 
parameter in TurbSim was set to 0. Jonkman provided access to the timeseries, which was 
responsible for his extreme FA tower base bending moment. It is shown together with own 
results in Appendix 14.6 and reveals, that no numerical instability caused the extreme load in 
the comparison study [110] or in the own extreme load timeseries. The extreme FA tower base 
bending moments were rather caused by the change of the control region, such as for the extreme 
out-of-plane blade bending moment (RootMyc1), mentioned earlier in this subsection. Thus, 
scenario 4. could be rejected. Furthermore, the FA tower base bending moment arithmetic 
means and their standard deviation suggests that the own load simulation parameters were 
set correctly. Although the comparison studies extreme load was about 3.3 9o larger than 
the corresponding extreme of the own ASE analysis, the arithmetic mean and the standard 
deviation of the comparison studies timeseries were about 3.6 % smaller. These comparable 
small differences would not play a crucial role for the goal of this work and all important input 
files are disclosed in Appendix 14.5 for the review of following researchers. The similarity of 
own results compared to the comparison study supports that the important model settings were 
chosen correctly. Therefore, the own load simulation procedure is considered to be validated. 
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3.5.2 Blade-Stall-Induced Vibrations in Parking DLCs 


As explained in subsection 3.5.1, Jonkman [110] avoided the presentation of extreme loads 
for other DLCs than 1.x, but especially for rotatable support structures, other DLCs than 1.x 
may be relevant. In the comparison study, idling DLC 6.2 showed an unreasonable extreme 
load driving SS tower instability between certain yaw misalignments. Note that DLC 6.2 treats 
a loss of electrical power grid in extreme wind speed parking situation, wherefore each yaw 
misalignment —180° < Yaw Error < 180° was possible. The mentioned instability could 
likewise be reproduced in own ASE simulations. In DLC 6.2 of IEC 61400-1 [103], an extreme 
wind speed Veso = 50 m/s with recurrence period of 50 years and in DLC 6.3 an extreme wind 
speed Vey = 40 m/s with recurrence period of 1 year is proposed for wind turbine class I. In 
these cases, the WT rotor idles freely with all blades being feathered to 90 deg. Own experience 
indicated, that idling of the WT rotor led to smaller loads, than a fixed parked rotor. 


Jonkman [110, p. 118] stated in the comparison study that it was difficult to determine, whether 
the instability was of physical nature or was an artefact of modelling assumptions. He supposed 
that the amount of structural damping in the first SS tower bending mode was exceeded by the 
rotors energy absorption. Skrzypinski confirmed this behaviour in his dissertation [172, p. 22] 
and related it to negative damping for the first edgewise blade mode in parking DLCs with 
specific yaw misalignments. Figure 3.6 shows the maximum, mean, and the minimum rotor 
thrusts (RotThrust) and edgewise bending moments (RootMxb1) of DLC 6.2 for different yaw 
misalignments between —180 deg < Yaw Error < 180 deg of the own analysis. This time, 
turbulent wind fields were used. The mean of the standard deviations of six simulations 
with different random seeds is likewise plotted and indicates on which yaw misalignments 
instabilities occur. 


In this analysis, yaw misalignments of —40 deg < Yaw Error < —10 deg and 10 deg < 
Yaw Error < 30 deg highlighted significant instabilities. Moreover, Skrzypinski [172, p. 22] 
associated the negative damping in the edgewise blade mode to stall-induced vibrations. Bertag- 
nolio et al. [11] stated that airfoils under stall conditions experience large fluctuations of aerody- 
namic forces, caused by trailing edge shear flow instabilities, airfoil surface turbulent boundary 
layer vortices, vortex shedding, and unsteady detached flow over the airfoil. This phenomenon 
can be observed within the FAST and the HAWC2 ASE codes, but Skrzypinski [172, p. 54] 
concluded that in state-of-the-arts ASE codes, blade standstill vibrations in deep stall are prob- 
ably modelled inaccurately. He suggested that low amounts of temporal lag in the aerodynamic 
response would already lead to significantly increased aerodynamic damping, which would 
prevent the unstable behaviour. Based on these and other experts experience, it was not sure if 
the instabilities would occur in the physical world. Therefore, ASE calculations of critical yaw 
misalignments between —40 deg < Yaw Error < —10 deg and 10 deg < Yaw Error x 40 deg in 
parking DLCs were discarded in this work. In case that future findings confirm the instabilities 
as being real in a physical sense, the rotatable WT support structure, developed in this work, 
must be checked again for these yaw misalignments in extreme wind speed conditions. 


6 See a discussion about this topic by the experts internet community forum of the National Wind Technology Center 
(NWTC) of NREL: https: //wind.nrel.gov/forum/wind/viewtopic.php?f-3&t-1219&p-5278; last access 
on 5. March 2018 
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Figure 3.6: DLC 6.2 maximum, mean, minimum, and standard deviation of the rotor thrust and blade one edgewise 
bending moment over —180 deg < Yaw Error < 180 deg 


3.5.3 Loads Analysis of all Considered DLCs 


The design of a rotatable WT support structure required a load assumption for the first design 
iteration. To get a guess of these loads, an ASE load simulation of all ultimate limit state DLCs, 
listed in Table 3.4, was performed with the non-rotatable reference WT with conventional 
tubular steel tower, such as described in subsection 3.2. Thereby, Table 3.4 lists all DLCs, 
which were considered for the following design of the rotatable WT support structure. In 
general, the same model settings and DLCs as in the comparison study [110] were applied, but 
with the following differences. 


Additional considered DLCs in this work were fatigue DLCs 1.2, 3.1, 4.1, and 6.4, start-up 
DLCs 3.2 and 3.3, shut-down DLC 4.2, and emergency shut-down DLC 5.1. Note that fatigue 
DLCs, marked with F in the PSF column, are contained in Table 3.4, but not accounted for in this 
first iteration step extreme load analysis. Fatigue DLCs were considered in the final rotatable 
tower design instead. Different initiation times of the WT actions (start-up or shut-down) at the 
transient wind events in DLC 3.2, 3.3, and 4.2 helped to find the most unfavourable combination. 


1 2 3 4 
In EOG wind events, the WT action starts at fo, 5 TEOG, 3 TEOG, 3 TkEoG. 5 Toc; Troc] and in 


3 
Tgpc = 6 s. Start-up actions were modelled such that the fully feathered blades (90°) pitched 
to a pitch angle, which corresponded to the current mean wind speed at full pitch rate. The 


1 2 
EDC it starts at D 3 Tepe, = Tene. Tene} According to subsection 2.2.2, Tgog = 10.5 s and 
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pitch angle to wind speed relation is listed in Table 7-1 of [109, p. 23]. Note that this relation 
was likewise used to initialize the collective pitch angles for other DLCs. 


Design situation | DLC Wind condition Controls / Events PSF 
1) Power production | 1.1 NTM Vin < Vit < Vout Normal operation, Yaw Error = 0°, +8° | 1.25 1.2 
1.2 NTM Vin < V4 € Vout Normal operation F 
1.3 ETM Vin < V4 < Vout Normal operation, Yaw Error = 0°,+8° | 1.35 
1.4 | ECD Vy = V, -2 m/s, V,, Normal operation, +Awind dir, 1.35 
V,+2 m/s Yaw Error = 0°, +8° 
1:5 EWS Vin < Va < Vout Normal operation, +ver./hor.shr., 1.35 
Yaw Error = 0°, +8° 
2) Power production | 2.1 NTM Vy = V Vout Pitch runaway — Shutdown 1,35 
plus occurrence of | 2.3 EOG Vy = V + 2 m/s Loss of load — Shutdown 1.10 
fault and Vout 
3) Start 3.1 NWP Vin < Va < Vout F 
32 | EOG Vy = V +2 m/s, Vout 1.35 
33 | EDC Vy = V +2 m/s, Vout 1.35 
4) Stop 4.1 NWP Vin < Va < Vout F 
4.2 | EOG Vy = V + 2 m/s, Vout 1:35 
5) Emergency Stop | 5.1 | NTM V4 = V +2 m/s, Vout Yaw Error = 0°, +8° 1:35 
6) Parked (idling) | 6.1 EWM 50-year Yaw Error = 0°, +8° 1.35 
recurrence period 
6.2 EWM 50-year Loss of grid 1.10 
recurrence period -180° < Yaw Error « 180° 
6.3 EWM 1-year Yaw Error = 0° 1.35 
recurrence period 
6.4 NTM Vy < 0.7 Vef F 
recurrence period 
7) Parked and fault | 7.1 EWM l-year Seized blade 1.10 
conditions recurrence period Yaw Error = 0°, +8° 


Table 3.6: Considered design load cases in this work, derived from IEC 61400-1 [50] 


For shut-down actions, all blades pitched to the fully feathered position (90°) at full pitch 
rate and in the emergency case (DLC 5.1), the high speed shaft brake deployed additionally. 
Furthermore, additional yaw misalignments in DLC 1.1, 1.3, and 5.1 of +8° were accounted 
for. For parking DLCs 6.2 and 6.3, the critical yaw misalignments of +20° (6.2), x30? (6.3), 
and +40° (6.2) were discarded. This was due to the modelling uncertainty, discussed in 
subsection 3.5.2. From then on, tower drag was included in the ASE simulations, by enabling 
the AeroDyn switch CalcTwrAero and by using the new tower aerodynamics input file, shown 
in Appendix 14.7. 


This time, some adjustments to the parameters should shift the ASE load analysis to a more 
realistic land-based one, such as required by the IEC 61400-1 [50]. The amount of random seeds 
per each wind speed in normal operation conditions was set to six. For the 6.x and 7.x DLCs of 
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offshore WTs, six 1 h simulations per random seed are required by the IEC 61400-3 [102]. The 
design standard for land-based WTs, IEC 61400-1 [50], requires six random seeds, each with 
only 10 min simulation time. Therefore, the factor of 0.95 for DLCs 6.x and 7.x in Table 3.4 
could be set to 1.00. Furthermore, the power law exponent was set to the land-based value of 
a = 0.2 for all DLCs, except for the parking ones, where œ = 0.11. All extreme load relevant 
DLCs summed up to 1082 different ASE simulation files. 


Figure 3.7 compares the extreme tower base SS (TwrBsMxt), FA (TwrBsMyt), and torsional 
(TwrBsMzt) moment results of all DLCs with tower drag (CalcTwrAero = True) and without 
(CalcTwrAero = False). Additionally, the extreme rotor torque (RotTorq) values are provided 
for the following discussion about different load influencing control settings. However, the red 
and blue bars are considered first. In the most cases, tower drag had no significant impact to 
the extreme tower base bending moments, except for the parking DLCs 6.x and 7.x. This was 
expected due to the high wind pressure on the tower for the extreme wind speed with | year 
and 50 year recurrence period probability. Considering the SS tower base bending moment 
of its driving DLC 6.2, a load increase of 20.1 % resulted from enabling the tower drag. On 
the other hand, this made the blade aerodynamics responsible for ~ 79.9 % of the extreme SS 
tower base bending moment in this case. As expected, the tower drag had no visible influence 
to the extreme torsional moment at the tower base, but the moment was noticeable high in DLC 
2.1. 


To reduce this outstanding extreme torsional moment, the pitch rate was changed from 8 deg/s 
to 2 deg/s for any transient pitch maneuvers in DLCs 2.x, 3.x, 4.x, and 5.1. Neither IEC 61400- 
1 [50], DNV GL [64] nor DIBt [152] prescribe minimum pitch rates or maximum start-up and 
shut-down times. Note that this valid control adjustment did not affect the normal production 
pitch rates. Another control adjustment was introduced to reduce the extreme SS tower base 
bending moment in extreme wind parking situations. In this study, the worst case for the 
SS tower base bending moment was electrical power grid loss in extreme wind conditions in 
DLC 6.2, because it was assumed that the yaw system fails and the WT is attacked by the 
wind potentially from all directions. Therefore, instead of an idling rotor, the rotor was parked 
with one blade pointing vertically upwards in DLCs 6.x and 7.1 in this new control approach. 
Furthermore, it was assumed, that a hydraulic aggregate provides enough energy to adjust the 
pitch angle of the single blade at top position with respect to the wind direction. Note that 
the participating measurement and control systems must also have enough energy, potentially 
provided by a battery for the storm hours. The demanded pitch angle @,,; for blade one at the 
top position calculates as function of the wind direction WndDir as follows 


Oy, =90 deg — WndDir for WndDir >= —90 deg 


3.9 
Oy. = — 270 deg - WndDir for WndDir < —90 deg Non 


where the other two blades stay at feathered 90 deg position for all wind directions. 


The magenta and cyan bars in Figure 3.7 show, that the intended extreme tower base SS 
bending moment and torsional moment reductions were achieved by the previous discussed 
control adjustments. Thereby, the extreme SS tower base bending moment with tower drag 
in DLC 6.2 was reduced about 57.6 9o, so that DLC 2.1 became its new driving DLC. Here, 
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the extreme SS tower base bending moment increased slightly about 1 % due to the reduced 
pitch rate. On the other hand, the reduced pitch rate caused a significant extreme tower base 
torsional moment reduction of 24 %. Note that the rotor torque in parking situations increased 
for parked rotors compared to idling ones. This did not affect the drive train loads, because 
of the locked rotor, but requires a closer look to the hub and lock system design to ensure 
their sufficient strength. Appendix 14.8 shows the corresponding extreme blade root moments, 
where the changed controls had no significant impact. For transient start-up and shut-down 
events, more sophisticated control algorithms may help to reduce the resulting extreme loads 
further. Nevertheless, such control system improvements were out of scope for this work. 


Table 3.7 summarizes the corresponding extreme load results for the load sensors, mentioned in 
subsection 3.5.1. Thereby, column 1 contains the load sensor name, column 2 declares if it is a 
minimum or maximum, column 3 lists the file name of the timeseries where the corresponding 
extreme load occurred, column 4 contains the load value, and column 5 its unit. The first 
numbers in the file names declare the respective load case and an attached T marks files with 
turbulent wind field. Following numbers give information about the wind direction with respect 
to the WT rotor or the turbines action time at transient wind events, the mean wind speed, and 
in case of stochastic sensitive DLCs, the random seed number. 


The resulting extreme loads of each load sensor from all considered DLCs were larger compared 
to the validation case in Table 3.5, where only DLCs 1.x were accounted for. Thus, the 1.x 
DLCs seemed to have negligible influence to the extreme loads, but WT shut-down events and 
parking DLCs dominated the extreme loads of this load sensors, instead. The analysis of all 
DLCs revealed, that the difference between the absolute extreme SS and FA tower base bending 
moment was smaller than in the reference result. Figure 3.2 and Table 3.5 may be reviewed 
for comparison. The absolute TwrBsMyt/TwrBsMxt = 1.72 ratio was small and indicated, 
that there was not as much material saving potential as suggested by the literature research in 
Figure 3.2. Even if the new SS bending moment driving DLC 2.1 results could be questioned in 
terms of the applied control settings, they provided an assumption on the safe side for the design 
of the rotatable support structure. This assumption was due to the material saving potential, 
which results from different tower cross sectional stiffness with respect to its load direction, 
such as mentioned in subsection 4.3.1. A comprehensive summary of important load sensor 
extreme loads is given in Appendix 14.9. 
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Figure 3.7: Absolute extreme tower base moment and rotor torque comparison between all ultimate limit state design 
load cases from the ASE analysis of the NREL reference wind turbine with conventional tower. Results 
are presented with and without tower aerodynamics and with applied changes to the wind turbine controls 
in certain DLCs. 
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Parameter | Type | File Name Load | Unit 
RotThrust |Min |Dlc 23. 6.3 Vout.out -7.598e2| kN 
RotThrust | Max |Dlc 42, 6.3 Vr.out 1.721e3| kN 
RotTorq Min |Dlc 61T -08deg S5.out —2.646e4 | kNm 
RotTorq Max | Dic_62T_+160deg_S2.out 2.533e4 | kNm 
RootMxcl | Min |Dlc 61T -08deg S3.out —8.897e3 | kNm 
RootMxcl |Max |Dlc 21T «08deg Vout S6.out| 1.580e4 kNm 
RootMycl |Min |Dlc 23 6.3 Vout.out —1.091e4 | kNm 
RootMycl |Max |Dlc 14 -08deg - Vr42.out 2.588e4 | kNm 
YawBrMxp | Min |Dlc 61T -08deg S5.out —2.583e4 | kNm 
YawBrMxp | Max | Dic_62T_+160deg_S2.out 2.473e4 | kNm 
YawBrMyp | Min |Dic_21T_+08deg_Vout_S6.out |-2.984e4 kNm 
YawBrMyp | Max | Dlc_21T_-08deg_Vout_S6.out | 2.899e4 | kNm 
TwrBsMxt | Min |Dlc_21T_+08deg_Vout_S6.out |-9.522e4 | kNm 
TwrBsMxt | Max | Dic_33_6.0_+_Vout.out 7.378e4 | kNm 
TwrBsMyt | Min |Dlc 42 8.4 Vout.out —8.591e4 | kNm 
TwrBsMyt | Max |Dlc 42 6.3 Vr42.out 1.636e5 |kNm 


Table 3.7: Extreme loads of the NREL reference wind turbine for all considered DLCs 
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4.1 Definition of Load-Direction-Derived 


In the past, WT tower design has been reduced to the optimization of tower diameters and their 
wall thickness. The expression load-direction-derived (LDD) is a general designation for the 
extension of the existing design procedures by not only considering the magnitudes, but likewise 
the directions of loads. Due to the ability of towers to rotate, a LDD design is achievable for 
WT support structures, such as mentioned in section 2.9. This statement is backed from the 
different load magnitudes with respect to their direction, such as attested in subsection 3.4. 
Industrial examples are presented in subsections 2.10.3 and 2.10.5 where mobile crane booms 
are designed according to a pressure and a tensile side of the beam. This special design stems 
from the fact, that mobile crane booms experience bending moments mainly about one axis. In 
the case of rotatable shortwave antennas, a LDD is given through different leg distances of the 
lattice main shaft, which lead to different bending stiffness in each direction. The term LDD 
design is not sufficient to provide a comprehensive description for the design of rotatable WT 
support structures, because other aspects, such as transport, manufacturing, blade tip to tower 
clearance or even aesthetics of the external appearance may also play crucial roles in finding 
the optimal tower concept. For convenience, the term LDD should serve as a synonym for 
rotatable WT support structures in this work. 


4.2 Yaw System and Foundation 


Since the development of a yaw system and a corresponding foundation for a rotatable WT 
tower was out of scope for this work, only a few thoughts and ideas about it are documented in 
this section to provide a starting point for following research activities in this area. Thereby, 
the first subsection discusses the general aspects and requirements to such a yaw system and 
the second proposes some reasonable concepts. 


4.2.1 Challenges and Requirements 


The first obvious difference of a yaw system at the bottom of a WT compared to its conventional 
position are the occurring loads. The base of a WT tower experiences huge bending moments 
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due to the rotor thrust force and tower wind drag forces with their long lever arms. Additionally, 
larger shear forces and axial forces can be expected, whereby the later result from the self- weight 
of the tower which adds to the RNA weight. Furthermore, such a high loaded yaw system must 
not only withstand the loads, but it must simultaneously ensure its function for all required 
operational conditions over the lifetime. Functionalities are the ability to rotate, transfer of all 
loads to the foundation, and ensuring the defined tower alignment. Since the friction moment in 
the yaw bearing depends on the tower base loads, it is challenging to control the occurring yaw 
accelerations such, that gyroscopic loads become not too big!. Another difficulty arises with 
respect to the manufacturing tolerances of the components. Assuming a connection between 
the WT foundation with wide civil engineering tolerances and the yaw system with its narrow 
mechanical engineering tolerances requires a good transition strategy between both worlds. 
This aspect is likewise given for the conventional tower top flange to yaw bearing connection, 
but for concrete foundations wider tolerances are used than for a tower flange. 


However, a yaw system at the tower base has also advantages compared to the conventional 
solution. It has a good accessibility for inspection, maintenance, and the exchanging of defect 
parts. The later requires an appropriate concept where the dismantling of yaw system parts is 
possible without taking down the whole WT. A review of the rotatable shortwave antenna in 
subsection 2.10.5 shows, that such concepts already work for a failed roller bearing beneath a 
huge rotatable structure. Therefore, it is likewise possible for WTs. This maintenance aspect is 
very important, because it reduces costs over the lifetime of a WT. Furthermore, a yaw system 
at the base of a tower can be mounted within the foundation, save thereby foundation material, 
and provide a good supporting environment, such as suggested in the next subsection. 


4.2.2 Concepts 


A good starting point for WT tower base yaw systems are the concepts, which are shown in 
Figure 2.34 and discussed in subsection 2.9.2. For huge bending moments, other concepts with 
distributed radial forces may become more appropriate. This means that a global static system, 
such as shown in Figure 4.1, is introduced where the radial forces Fg and Fc decrease with 
increasing axial support distance L4. A simple static equilibrium, such as stated in Equation 4.1, 
shows that the radial forces can be decreased by two orders of magnitudes with Lı < 2 m for 
the example in Figure 4.1. Note the logarithmic scale of the ordinate axis. 


X, =0=T + Fg- Fo 
F 


ba =0 = Fo Lı -T (Li + zg) 
Mpg 


(4.1) 


1 Gyroscopic loads and their dependency to yaw accelerations are explained in subsection 6.2.4 
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Figure 4.1: Tower base yaw bearing concept with distributed radial forces 


This idea is already mentioned within concept c in Figure 2.34 and by Steel Pro Maschinenbau 
GmbH in Figure 2.29. Furthermore, an expertise survey about the concept of a yaw bearing 
with distributed radial forces and its feasibility is provided in Appendix 14.10. Two other 
concepts are shown in Figure 4.2. The left is representative for towers with shell structures, 
such as circular, elliptical, or airfoil cross sections and the right shows a similar solution for 
rotatable lattice structures. In both cases, two carrier plates? hold radial slide pads to lead 
the radial forces into the circular sidewall of the foundation. Additionally, axial slide pads are 
mounted on the bottom to lead the axial forces into the foundation floor. In case of the left 
variant, the divided carrier plates are connected to each other by bolted flanges and are attached 
to the tower by a grouted joint connection with shear keys. In both cases in Figure 4.2, slide 
pads can be exchanged individually. The required yaw drives for yaw motion may be placed 
at different positions, but one appropriate position would be next to the upper carrier plate. 
Thereby, yaw drives can be mounted on the foundation and provide good accessibility. 


Another approach tries to avoid the axial slide pads through buoyancy. Thereby, the foundation 
hole contains a liquid and the tower is axially supported by a swimming balloon, such as shown 
in Figure 4.3. The balloon is held within a cage, which has enough structural integrity to lead 
the radial forces over slide pads into the foundation, such as it was suggested for the carrier 
plates in the previous concepts. A swimming concept saves the difficult to reach axial slide 
pads and provides enough lubrication at all sliding parts. On the other hand, it is challenging 
to find an appropriate liquid. It should not freeze at common cold temperatures, corrosion of 
structural and mechanical parts must be avoided, low friction coefficients at the sliding contact 
surfaces should be obtained, it should be cheap, and environmental friendly. Furthermore, 
evaporation of the liquid should be stopped or at least being controlled, whereby missing liquid 
must be refilled. Figure 4.3 shows two possible directions for the balloon: (1) with smaller 


2 Note that other ideas with large diameter cylindrical tubes instead of carrier plates tend to buckle and to ovalize. 
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diameter and larger draft and (2) with larger diameter and smaller draft. As shown in the 
previous concept, higher drafts would lead to reduced radial loads, but in case of very large 
tower base dimensions, a smaller balloon draft may replace sufficient liquid to carry the WT 
and must hold a lower gas pressure. 


Shell Tower Bearing Lattice Tower Bearing 


Foundation 


Figure 4.2: Tower base yaw bearing concepts - one concept for towers with shell structures (left) and one concept for 
towers with lattice structures (right) 


A swimming yaw bearing concept mimics a floating offshore foundation, but with better radial 
support conditions and without currents and high waves. However, additional dynamics through 
buoyancy together with temperature driven changes in the liquid viscosity and the gas pressure 
have to be investigated carefully with respect to the operational conditions and requirements of 
the WT. 
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Figure 4.3: Swimming yaw bearing concept with large balloon draft (left) and small balloon draft (right) 
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4.3 Requirements and Structural Aspects 


The favoured concept should stand out with causing low CO;-emissions throughout the whole 
production chain and with cost efficiency. CO»-emissions can be influenced by the kind and 
t CO2 


eel 
carbon dioxide emissions, which hundreds of tons weighing steel WT support structures have. 


Cost efficiency should be considered in terms of its fixed and variable costs over lifetime. 
Fixed costs for towers are highly related to the amount of material, the complexity of used 
structural members, and its joints. Variable costs are mainly subject to maintenance costs. 
Tower maintenance costs depend on the kind and amount of joints, corrosion resistance and 
fatigue behaviour. At this point the structural mass stands out as major factor to ecological and 
economical properties of a WT support structure. Unfortunately, it is difficult to get reliable 
cost values, which account for the complexity of structural members and joints. Nevertheless, 
complexity of members and joints must be considered besides the major interest of develop- 
ing a material efficient concept. Beyond that, it must account for the ultimate, fatigue, and 
serviceability limit states, such as described in subsections 2.2.5, 2.2.6, and 2.2.8. Before the 
discussion about different LDD support structure concepts starts, the following subsections 
summarize some influencing aspects in general, such as the cross sectional strength, the global 
stability, and the dynamic response. 


amount of used material. Considering 2.8 [148] shows the tremendous contribution to 


4.3.1 Cross Sectional Strength 


Most relevant tower load components are the global axial force in combination with the bending 
moment, because they lead to extreme normal stresses within the wall of tubular towers or 
the legs and bracing members of lattice towers. In terms of fatigue, the global vibrating 
bending moments cause the main stress amplitudes, while the self-weight-caused axial force 
and bending moments, induced by the mean rotor thrust are responsible for the mean stress level 
in the structural details. As shown within section 3.4, extreme and damage equivalent fatigue 
bending moments differ according to the FA and SS axis. In terms of tubular shell towers, 
this behaviour can be exploited for material savings regarding bending stresses. Reduced SS 
bending moments Mx, compared to the FA bending moments My require smaller section moduli 


I 
Wy = than Wy = 2 to satisfy the same bending normal stresses, whereby material 
Amax Amax 
can be saved. Consequently a smaller cross sectional area A will increase the normal stresses, 
caused by the axial force. This effect is assumed to be moderate, because reduced material 
mass will likewise lead to smaller axial forces. 


Ik 


4.3.2 Global Stability 


Stability failure modes of a structure can be distinguished between the global bending and 
flexural-torsional buckling, and local shell and plate buckling, respectively. Each of these 
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phenomena has to be considered for rotatable WT support structures. Regarding subsection 
4.3.1, a LDD tower can have different area moments of inertia for each bending axis. This 
means, that the ideal Euler buckling load corresponds to the decreased (SS) bending stiffness 
and global stability becomes lower compared to a conventional steel tower. Another failure 
mode is the flexural-torsional buckling. It describes the stability collapse of a beam, which 
tries to evade bending caused by a shear force. Therefore, the beam profile rotates around the 
torsional axis especially when the torsional stiffness is very low. Richard and Sander [161] 
propose an equation to determine the maximum shear force Ferg for a beam until flexural- 
torsional buckling begins. Thereby, it considers the interaction between bending and torsional 


stiffness according to 
VE Imin G Ir 
I? j 
where Bprp = 4.013 and Imin = min [Z7] for cantilever beams with a constant cross section 
along its length L. The maximum sustainable shear force in equation 4.2 is sensitive to the 
expression VE Imin G Ir, which shows that the SS bending stiffness together with the torsional 
stiffness drive the flexural-torsional buckling resistance for rotatable support structures. More 
information about analytical and numerical buckling analyses of column like structures is 
provided in subsection 2.2.5. 


Fers = PFTB (4.2) 


4.3.3 Structural Dynamics 


Structural dynamics treat the behaviour of a structure in the time or frequency domain. This 
dynamic behaviour is primarily determined by the structure's natural frequencies? and mode 
shapes. Natural frequencies and their mode shapes depend on the stiffness distribution, mass 
distribution and the damping of a structure. They are expressed in a coupled form for each 
degree of freedom (DOF) within the system stiffness matrix KN*N the system damping matrix 
—Sys 

DN*N and the system mass matrix M“* with N as the number of DOFs. The equation of 
sys ——Sys 

motion 

M Xt)+D <x(t)+K = x(t)= F(t) (4.3) 

Sys —sys sys 


describes the equilibrium between the system reaction on the left hand side and the excitation 
forces F(t)N*! on the right hand side. System reactions are the node displacements x(r)N*! 
d xt x1 


= 4 tyNx! 
dr X(t) 


and their derivatives with respect to time, which are the node velocities 
d? x(t) x1 
dt? 


difficult to estimate the damping matrix, wherefore the undamped [2 = o system will be 
— sys 


and the node accelerations = x(t)N*!, respectively. For practical applications it is 


3 In this work, the term natural frequency is interchangeable with the word eigenfrequency. 
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solved first. After usage of the right trial functions, the eigenvalue problem for the undamped 
natural frequencies w and its eigenvectors p can be solved according to the real form [87] 


Is -wW M je-o (4.4) 


where the determinant det 


K -wM | — 0 delivers a polynomial of Nth degree and the 


sys sys 
square roots of w? are the natural frequencies [153, p. 312]. Equation 4.4 connects the global 
stiffness and mass distribution to the natural frequencies and eigenvectors of the system. One 
way to determine the damping matrix is given by Rayleigh [156] with 


D =aM +BßK (4.5) 
sys sys Sys 
where coefficients œ and £ will be chosen according to the first or the first two natural frequencies 
w1 and o» and its damping ratios Z| and Z», such as shown by Strømmen [178]: 


_ 2w w (w £1 - wı £2) 
= Q2 — o? 
2 1 
_ 2 (o24-«£) 
Be—— 4-3 


Dr 


(4.6) 


By providing a yaw bearing at the tower base, the cross section of the tower must not remain 
circular and can have lower stiffness regarding its secondary load direction (SS). Such one sided 
stiffness reduction would lead to more diverging bending mode eigenfrequencies. As this work 
is using the 5 MW NREL WT as areference, a review of its Campbell diagram helps to identify 
possible support structure frequency ranges. Figure 4.4 shows the major one-per-revolution 
(1p) and three-per-revolution (3p) excitation frequencies. 


The 1p excitation is caused by rotor mass unbalance and the 3p excitation stems from aerody- 
namic unbalance due to inclined inflow and tower dam effects of a three bladed WT, mentioned 
in subsection 4.4.2. Cut-in and cut-out rotor speeds of 6.9 rpm and 12.1 rpm are displayed with 
vertical lines and mark the operational range of the turbine. Furthermore, horizontal lines indi- 
cate the first bending eigenfrequencies of the tubular reference tower in FA and SS directions. 
The dashed lines represent the +5 % safety margins for all frequencies and the green areas, 
soft-soft, soft-stiff, and stiff-stiff mark the frequency ranges appropriate for support structure 
eigenfrequencies to avoid resonance. For the NREL reference WT, it can be seen that the 
first two bending natural frequencies of the NREL reference tower diverge about 3.8 %. This 
divergence is caused by the mass distribution of the RNA. A LDD tower may have even larger 
differences between these eigenfrequencies, because of a less SS stiffness. Such a configura- 
tion will shift the SS bending eigenfrequency farther away from resonance and therefore to less 
dynamic loads, in case of the present WT configuration. In other situations with other hub 
heights, or other WT properties the Campbell diagram changes, wherefore reduced SS bending 
stiffness of a LDD tower may also increase the dynamic response. Thus, the dynamic behaviour 
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of the support structure has to be investigated for each new support structure configuration and 
especially for LDD towers. 
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Figure 4.4: Campbell diagram of the NREL 5 MW reference WT. Data from [109] 


4.4 Aerodynamics 


WT support structure aerodynamics is a wide field and contains amongst others, the concepts 
of lift, drag, tower dam, tower shadow, gust induced vibrations, vortex-induced vibration and 
flutter. The following subsections focus on each of these fields with respect to rotatable 
WT towers. Rotatability of the support structure achieves the ability of the tower to align 
along the wind direction. Thereby, aerodynamic shaped tower profiles are possible which 
could be axes asymmetric to raise the stiffness regarding its main load direction, such as 
explained in subsection 4.3.1. Aerodynamic investigations of arbitrary profiles are possible 
through experiments and computational fluid dynamics (CFD). Analytical solutions are limited 
to certain basic geometries, flow conditions, and simplifying assumptions. The potential flow 
around an obstacle can be described through the inviscid or viscid theory, where the second takes 
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into account viscous forces (friction) between the fluid particles according to the incompressible 
Navier-Stokes Equations 4.7, documented likewise by White [194]. 


u Ou Hu du 
ae amt d P 
av ^" Ov x "i _ dv 
àx) ay ae) P" 

Opq w Pw dw dw 
PERSE ae [5 u Oy? i | TENE 


ôq | 
Pair 8x 7 +H 
Óx 


(4.7) 


ôq 
Pair 8y — ay + 


dt’ 


where gx, 8y, 8z are the gravity components, q is the pressure, u is the viscosity coefficient, 
u, V, w are the flow velocities in x, y, z direction and f equals to the time. Assuming inviscid, 
incompressible and irrotational flow, 


VxV=Vx(V6)=0 (4.8) 


Laplace’s equation applies. The condition for irrotational flow in equation 4.8 contains the 
nabla operator 
ð/ðx 
V =|ð/ðy |, (4.9) 
0/0z 


the velocity potential function ¢(x, y, z, t), which reduces the three unknowns u, v, w to one 
unknown ó(x, y, z, t) and the velocity vector V. Solving Laplace’s equation 


9$ 0$ HH 


Vues * 4.10 
? ox? Oy? Az = 

for ó(x, y, z, t) provides the searched velocities through its derivatives 
got peel TLLA (4.11) 


Analytical solving techniques for Laplace's equation are amongst others conformal map- 
ping [155], numerical finite differences [146], numerical finite elements [157] and numerical 
boundary elements [24]. The inviscid assumption is sufficient for laminar flow without sepa- 
ration from the profile (stall) and for a certain distance away from the profile surface, because 
the no-slip condition at the wall induces viscous stresses. This region is also called boundary 
layer. Lift, drag, the tower dam, and the tower shadow can be treated with this simplifying 
assumption for laminar flows. Investigation of vortex-induced vibrations and flutter requires 
solving of the viscous problem, such as presented in equation 4.7. Several CFD codes, such 
as the commercial ANSYS Fluent^ and the open source OpenFOAM? are capable to solve the 


4 http://www.ansys.com/Products/Fluids/ANSYS-Fluent; Accessed 03-February-2019 
5 http://www.openfoam. com/; Accessed 03-February-2019 
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Navier-Stokes equations. Furthermore, the open source code XFOIL? is specialized to 2D 
streamline profile aerodynamics and widely used within the wind energy sector. The following 
sections mention the different aerodynamic fields of WT towers and propose some empirical 
approaches to handle them. In the end, each is discussed with respect to rotatable aerodynamic 
shaped WT tower profiles. 


4.4.1 Forces and Moments Caused by the Wind 


Figure 4.5: Lift and drag forces at aerodynamic shaped axis-symmetric tower profile 


Figure 4.5 shows an aerodynamically shaped axis-symmetric tower profile, which experiences 
a wind flow of wind speed Vw. The wind is inclined by ọ with respect to the profile chord. Such 
conditions increase the local flow velocity at the top and decrease it on the bottom, wherefore 
corresponding pressure decreases at the top and increases at the bottom occur. Integrating 
the resulting pressure distribution around the perimeter leads to aerodynamic forces. Another 
reason for aerodynamic forces is the conversion of momentum. As the wind flow experiences 
redirection by the profile, a reaction force at the profile itself is the consequence. Both forces, 
the one from the integrated pressure and the one from conversion of momentum can be divided 
into one component orthogonal to the flow Fi, and one component Fp parallel to it, designated 
as lift and drag force. The forces attack at the so called pressure point, which represents the 
locus of the pressure resultant. Incidentally, point symmetric profiles, such as conventional 
circular cross sections will not experience any lift force due to equal flow conditions on the top 
and the bottom of the profile. 


6 http://web.mit.edu/drela/Public/web/xfoil/; Accessed 03-February-2019 
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According to Sockel [175], each body within a flow does have a dimensionless lift and drag 
coefficient cj, and cp, which depends on the impounded pressure q, the related profile shape 
area A and the corresponding force due to 


FG. Re k/D) _ „Fi Gg Re k/1) 


cL (p, Re, k/l) = (4.12) 
qA Pair V A 
Fp (pRe,k/l) _ „Fo (pRe,k/l 
garaje N 2 ky (4.13) 
qA Pair Vw A 


The forces are a function of the angle of attack y, the Reynolds number Re and the roughness 
ratio k/I, where k equals to the wall roughness and / is the related body dimension, such as 
shown in Figure 4.5. Due to Eurocode 1 DIN EN 1991-1-4 [67], wall roughness values are for 
instance k = 0.2 for galvanized and k = 0.006 for fine spray paint on steel. Eurocode 1 DIN EN 
1991-1-4 [67] and the literature [175], [3], [194] provide aerodynamic coefficients for simple 
profile shapes, such as circular or rectangular ones. Several streamline profile coefficients are 
summarized by Abbott and Doenhoff [1]. In most cases, the reference area A corresponds to the 
projected profile area at the profiles cut with the largest width. Furthermore, the lift and drag 
forces do not necessarily attack at the shear center. Therefore, they can induce an additional 
torsional moment around the torsional axis. Sockel [175] relates the moment coefficient cm to 
the tip of the profile according to 


M = „(a cos (9) + cp sin (p)), (4.14) 


where e is the distance from the profile tip to the pressure point. Rotor blade shapes are often 
optimised towards maximum lift to drag ratios under structural constraints. An aerodynamic 
tower shape should be optimised with respect to low SS aerodynamic lift loads for relevant 
Reynolds numbers and angle of attacks. This changed focus compared to blades is due to 
the fact that blades should have an aerodynamic lift to generate torque at the rotor shaft. For 
rotatable WT towers, the lift causes additional loads in its weak direction and can become a 
disadvantage. 


4.4.2 Tower Dam and Shadow 


Blade excitation, caused by its passage through the decreased wind speed area in front of the 
tower, is called tower dam effect. This effect is only relevant for upwind turbines and should 
be as low as possible. Accurate investigations regarding blade excitation due to the tower dam 
effect require experiments, connected with CFD to include blade aerodynamic effects, such 
as tip losses, stall and the cross-flow along the blade. Such investigations were performed 
for example by Shkara et al. [171]. For ASE load simulations, expensive computational 
calculations should be avoided, wherefore several simplified more or less empirical approaches 
have been introduced within the literature. Most of them are focused on the description of 
the wind field behind the tower, which is called tower shadow. Its relevance is limited to 
downwind WTs, because of the changed local wind behaviour, which encounters the passing 
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blades. An exception occurs if periodic effects, such as vortex-induced vibrations result from 
the tower shadow. This effect is mentioned in the later text. Reiso [160] gives a comprehensive 
enumeration of different empirical tower shadow models, where some of them are valid for the 
region in front of the tower to estimate the tower dam effect. The analytical solution of the 
potential flow around a cylinder is the basis of most of the approaches. According to Reiso [160] 
it delivers the velocity components 


Dn uu D 
Ve = Vig |1- > (4.15) 
(x2 + y?) 2 
-2 py 
Vy = Vio—— [=] , (4.16) 
(x2 + y?) 2 


where Va is the free stream velocity and D equals to the obstacle’s diameter. x and y represent 
the Cartesian position of the velocity components within the 2D flow field. Powles model [150] 
describes the tower shadow with a cosine squared function and NREL [142] combines it with 
the potential flow according to 


Vx = (u — uwake) Væ (4.17) 
Vy = (v — uwake) Væ (4.18) 
with d. 
-—À (x * 0.1) — y 7 oi’ : (4.19) 
(o 40.1 +y?) 2z(x-0.1) +y 
oa e a (4.20) 
(œ +0. 432) 2ra(x+0.1) +y 
and 
Cp 2 Ty 
Uwake 7 —— cos" | —— for |y| x Vd 
UT Yd E A (4.21) 
Uwake =0 for ly > Va, 
where 


d 2 xis y2. (4.22) 


It is important to note that x and y in Equations 4.19 to 4.22 are the Cartesian coordinates, 
normalized by the cylinder radius. Further models are developed by Blevin [20], where the 
wind speed deficit and the wake width depends on cp and Schlichting and Gersten [167], who 
consider the Reynolds number additionally to the drag coefficient. This would enable other 
profiles than circular ones, but the model is restricted to regions x > 3 / on the lee side, where 
l represents the characteristic length. Introducing a jet into the stream is proposed by Madsen 
et al. [135] within the JET wake model and can also be applied as tower shadow approach. The 
tower shadow of lattice structures is implemented within Bladed [22]. It uses a combination 
of potential flow for the free stream area, Powles model and a correction for the influence 
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of each cylinder with respect to each other. Unfortunately, none of the models is directly 
applicable for arbitrary shaped profiles in the context of the tower dam effect. Therefore, 
advanced investigations have to be carried out to predict the velocity deficit in front of the 
tower. However, according to Blevin's model [20] and NREL [142], high drag coefficients 
seem to result in larger dam effects, wherefore the drag coefficient can be seen as an indicator 
for the tower dam influence intensity. 


4.4.3 Gust Induced Vibrations 


Wind turbulence causes certain characteristic wind frequencies. If these gust frequencies 
resemble the support structure eigenfrequencies, critical structural vibrations are possible. 
Therefore, Eurocode 1 DIN EN 1991-1-4 [67] proposes a wind gust frequency model. It 
provides the gust energy, represented by the dimensionless spectral density Sy (z, f) according 


to 
fS. Gf) 68 fi (z. f) 
Si (z, = = 2 4.23 
NET 7 04102 & GP? ien 


where f is the considered frequency, S, (z, f) is the auto spectrum of the turbulent wind, oy is 
the standard deviation of the turbulence and fi, equals to the dimensionless frequency 


f L(z) 
Vin(Z) 


fi. f) = : (4.24) 
Equation 4.24 contains the mean wind velocity Vin(z) and the integral length dimension L(z), 
which is computable through reference length L; = 300 m, reference height z = 200 m, 
roughness height zo and minimum height Zmin with 


z a 
L(z) =L H for Z2 Zmin 


Zt (4.25) 


L(z) =L(zmin) fOr z < Zmin. 


The exponent in Equation 4.25 results to a = 0.67 +0.05 In (zo). Assuming terrain category II 
of table 4.1 in DIN EN 1991-1-4 [67] results to zo = 0.05 m and Zmin = 2 m. Figure 4.6 shows 
the resulting spectral density of equation 4.23 over frequency f for different heights z. The 
entered common eigenfrequency region of WT towers reveals that frequent gust excitations are 
not negligible for the design process. Through non-axisymmetrical profiles, such as introduced 
by LDD rotatable towers, two different first eigenfrequencies are possible. The eigenfrequency 
of the weak axis of such towers can move to the left side in Figure 4.6, especially for larger 
hub heights. Therefore, gust induced vibrations become more relevant for rotatable support 
structures. The dynamic behaviour of rotatable WT towers is mentioned with more detail in 
subsection 4.3.3. 
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Figure 4.6: Wind gust frequencies in different heights within terrain category II compared to common tower eigenfre- 
quencies 


4.4.4 Vortex-Induced Vibrations 


In the field of civil engineering, vortex-induction plays the main role regarding building vi- 
brations [170]. These excitations are caused by periodic vortex building behind the obstacle, 
called Kármán's vortex street and act lateral to the wind direction. If the vortex creation fre- 
quency resembles building eigenfrequencies, critical structural vibrations occur. Excitation of 
bending, torsional, or cross section deformational modes have to be taken into account. Cross 
section deformation contains effects, such as ovalling of shells without stiffening rings or plate 
vibrations. In terms of wind energy vortex-induction may be one of several vibration sources 
and in the most cases it is particularly dangerous during the erection process, when the tower 
stands without the head mass of the nacelle and the blades [77]. The vortex creation frequency 
fy for arbitrary profiles is characterized through the Strouhal number S, the free stream wind 
velocity V~ and the characteristic length / according to 


Ei 


he 


(4.26) 
DIN EN 1991-1-4 [67] provides Strouhal numbers for basic profiles, such as cylinders and 
rectangles. In contrast to the norm, the Strouhal number is depending on the Reynolds number 
in the case of cylinders. The Reynolds number dependency for rectangles is very low, but 
increases with increasing corner radii [175]. Investigations regarding elliptical profiles are 
documented by Whitbread [193]. Furthermore, in the case of non-pointsymmetric profiles, the 
flow direction according to the profile does have an influence and can lead to different Strouhal 
numbers. Analytical solutions for the aero-elastic problem of vortex-induced vibrations are 
not achievable. Merely the rigid cylinder with small Reynolds numbers, which are outside of 
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relevant civil engineering applications, can be calculated analytically. For arbitrary profiles and 
aerodynamic conditions, comprehensive experiments in combination with CFD are required 
to produce Strouhal numbers. In terms of structural dynamics, vortex-induced vibrations are 
modelled according to a stability border, whereby a second aerodynamic damping term is added 
to the equation of motion. This second term is able to have a negative sign, wherefore excitations 
of the system may be the result. Regarding subsection 4.3.3, LDD support structures can have 
two different first bending eigenfrequencies for each bending axis. The first eigenfrequency 
of the weak axis tends to be lower than the eigenfrequency of a comparable conventional 
tower, because of the less necessary stiffness. Assuming vortex-induced excitations, which 
cause motion in the corresponding eigenmode, this eigenfrequency reduction is an advantage, 
because it moves away from the higher vortex creation frequency, given by Equation 4.26. 
Furthermore, vortex-induced excitations along the wind direction are negligible, according to 
Sockel [175]. Assuming this findings combined with a more aerodynamically formed profile 
indicate, that LDD towers are less vulnerable with respect to vortex-induction. If however 
large excitations occur, provisions, such as dampers, Scruton-coils [169], or perforated meshes 
around the tower may be a solution to reduce the loads. 


4.4.5 Flutter 


Flutter can be described as self excited structural vibration of at least two DOFs under constant 
wind flow [184], caused by changing aerodynamic loads attributable to structural deformations. 
Conventionally, these DOFs are bending and torsional ones, whereby excitations from vortex- 
induction may be involved [175]. The characteristic flutter motion depends on the bending 
and torsional eigenfrequencies. If the difference of these eigenfrequencies is large, motions 
regarding one of the corresponding DOFs may be dominant. DIN EN 1991-1-4 [67] provides 
three conditions, which have to be fulfilled for a structure to be endangered to flutter. In terms 
of WT towers, they can be summarized as: 


1. The ratio of the main profile dimensions is less than b/d = 0.25, where d equals to the 
dimension in wind direction and b to the dimension orthogonal to it 


2. The torsional axis should have a distance of >= d/4 downstream from the luv sided edge 


3. The lowest eigenfrequency is a torsional one or the torsional eigenfrequency amounts to 
less than the double of a translational eigenfrequency 


As discussed in subsection 4.3.1, the tower profile will have a elongated shape to give an 
efficient response to the different bending moments for each bending axis. Section 2.5 treats 
the maximum borders for the tower profiles regarding transportability and condition 1. of 
the previous enumeration adds another restriction to the profile dimensions in the case that 
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condition 2. and 3. are met. If all three conditions are met, DIN EN 1991-1-4 [67] provides a 
procedure to calculate a critical divergence wind speed Vai, according to 


(4.27) 


dc 
where ES equals to the derivative of the aerodynamic moment coefficient with respect to the 


twist angle of the profile. The divergence wind speed should exceed 2 V4 to avoid flutter. Further 
investigations for tower shapes with section-wise critical dimensions require comprehensive 
experiments and aero-elastic simulations to determine the potential of flutter instabilities. 


4.5 Methodical Approach for Evaluation of the 
Tower Concept 


The decision for one specific LDD support structure design requires a comparison of each 
possible solution to come as close to the optimal tower as possible. Attributable to the 
limited scope of this work and the tremendous amount of parameters to be considered for 
a comprehensive study, some shortcuts need to be introduced. These shortcuts were made 
by arguing between different solutions on a conceptual level, rather than developing detailed 
designs for each possible tower. Designs differ in the underlying tower concept, such as 
conventional tubular steel, slip joint tubular steel, pre-fabricated concrete, on-site fabricated 
concrete, tubular hybrid steel concrete, lattice steel, guyed tubular steel, guyed lattice steel, 
and covered lattice wooden towers. Especially the lattice and guyed concepts can be found in 
many diverging shapes. The following chapters build on each other, because they represent 
the journey from one LDD concept to the next. Starting from the conventional circular cross 
section and walking over to elliptical and aerodynamically shaped cross sections in chapter 5 
establishes the overview about shell like structures for LDD WT towers. After these tubular 
shell concepts, the next step is the discussion of lattice structure concepts in chapter 6. The last 
conceptual discussion treats the additional possibility of tower inclination and presents some 
other special concepts, before in the end one concept was chosen to be investigated in more 
detail. 


Preliminary Exclusion of Underlying Concepts 

The concepts, discussed in the following chapters, did not account for all underlying con- 
cepts listed in section 4.5, because some concepts could already be excluded for different 
reasons. Consideration of the non-rotatable tower concept comparison in Figure 4.7 and other 
references, such as Gasch [77], revealed concrete related towers as high weight and high 
CO -emission causing concepts, while only small cost savings were achievable for the hybrid 
concept compared to the conventional welded tubular steel tower. The values in Figure 4.7 can 
be questioned for other hub heights and other rated power WTs, but it was not assumed that the 
previous mentioned points diverge for other configurations in a significant way. 
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Figure 4.7: Tower concept comparison in terms of weight, costs, and CO>-emissions for a 3 MW, 100 m rotor diameter, 
IEC 1B WT at 125 m hub height. Assembled from pictures with permission to use from [68] and from 
Rudolf's data in [164]. 


Owing to its nature, wooden towers would lead to very low CO»-emissions throughout the 
production chain. On the other hand, because of the lack of long time experience to this 
material for WTs and its maintenance effort over lifetime, they had to be excluded in this study. 
Nevertheless, rotatable wooden lattice towers may be interesting for future research projects. 
Guyed and lattice steel towers are very material efficient concepts already. Guyed towers need 
a lot of space for their cables and are therefore problematic for agricultural used land where 
many land-based WTs are installed. Furthermore, Hau [92] indicates that the cable system and 
its additional foundations tend to cause high acquisition and maintenance costs. The later arise 
from the requirement of frequent cable pre-tension checks. However, Koppány explains that 
cable manufacturers can reduce or avoid cable pre-tension check intervals for their cables when 
they are exposed to defined load cycles during the manufacturing process [124]. Hau [92] and 
Gasch [77] attest guyed towers to be suitable for smaller hub heights, whereby lattice towers 
become more interesting for larger hub heights. In summary, tubular and lattice towers remain 
the favourite concepts and are mentioned in more detail throughout the following two chapters. 
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5.1 Comparison of Tubular Cross Sections 


Major influencing factors to LDD tubular tower designs are the area stiffness, manufacturing 
effort, the aerodynamic drag, and local shell/plate stability. The area stiffness (radius of 


gyration) i? = — is a measure for material efficiency in terms of bending stiffness. The 


manufacturing effort of a shell depends on the amount of necessary welding seams, the amount 
of cross sectional parts, and the complexity of the shape. In this case, complexity is a synonym 
for change in curvature along the profile, which has a relevance for the rolling process. The 
aerodynamic drag in FA direction is assumed to have no high influence to the design, because 
the induced bending moments from this line load along the tower are significantly smaller than 
the bending moments, induced by rotor thrust. This assumption is supported by findings from 
section 3.3 and subsection 3.5.3. Section 4.4 discusses the aerodynamics of LDD structures in 
more detail. In terms of local stability of LDD tubular structures, plate like, ideal shell like, 
and intermediates are conceivable. Curvature of a shell plays an important role, such as the 
little discourse in Appendix 14.11 indicates. The table in Figure 5.1 compares different LDD 
shell concepts on a qualitative level in terms of area stiffness, manufacturing, stability, and 
aerodynamic drag. Plus signs refer to favoured and minus signs refer to unfavoured properties, 
respectively. 


The sketches on the left side show, how different cross sectional shapes would fit into a 
rectangular design space, such as introduced in Figure 5.2. Such a transport constraint forces 
a circular cross section (a) to have a small diameter, while a rectangular one (b) would fit 
perfectly into it. The small diameter of concept a leads to higher curvature and therefore good 
local stability, but because of large material distances from the bending axes, concepts b and c 
reach better material efficiency in terms of bending stiffness. On the other hand, they have low 
local stability properties, due to the plate like walls. In terms of manufacturing, concepts a and 
b are assessed to be the same, because a requires rolling of one steel sheet and one longitudinal 
welding seam, while b requires folding of one steel sheet and likewise one longitudinal welding 
seam. Concepts g and h obtain less aerodynamic resistance and intermediate local stability, 
but on the other hand they lack of a lower area stiffness and show more complex curvatures, 
wherefore a more expensive manufacturing process is expected. The elliptical cross section (f) 
was found to be a good compromise between the different aspects, wherefore it is considered 
in more detail throughout the next section. 
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Figure 5.1: Shell concept qualitative evaluation matrix 


5.2 Elliptical Tower 


The popular circular cross section for tubular welded steel towers has been a good choice 
for WTs with hub heights < 100 m [92]. But as mentioned in sections 2.4 and 2.5, this 
concept reaches its limits for taller hub heights. The next step is to compress the circular cross 
section in one direction and elongate it in the other direction towards an elliptical shape. A 
transport constraint considering elliptical cross section reaches higher FA stiffness as a transport 
constraint considering circular one. On the other hand, steel sheet curvatures become lower at 
the ellipses flanks. This reduced curvature increases the danger of local shell buckling failure. 
Hau [92] states, that stiffness requirements are the most common design drivers, but notes that 
local shell stability becomes more important for optimized thin walled tubular steel towers. A 
cheap manufacturing is given by the same rolling procedures as used for conventional circular 
steel tubs. Note that circumferential welding of circular cross sections are done by the welding 
machine being placed at a fixed position at the top while the cross section itself will be rotating. 
Consequently the welding processes of an elliptical cross section has to take into account 
different welding heights as a function of the rotation angle. Elliptical profiles are not warping 
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free, wherefore additional normal stresses occur based on torsional moments and have to be 
included in a design process. 


A parameter study of a circular and an elliptical cross section can show how much material can 
be saved if material strength, local shell buckling, and transport constraints are used. Fatigue 
may also play arole for the chosen tower wall thickness, but it was together with warping caused 
stresses neglected for simplicity in this approach. For this study, a design space, such as shown 
in Figure 5.2 with a width B = 7.5 m and a height H = 4.3 m was defined. These values 
were chosen according to the land-based transport constraints, discussed in subsection 2.5. 
The parameter study was carried out for the tower base, because it was assumed to have the 
most significant material saving potential. The own ASE load simulation in subsection 3.5 
provided the applied loads. For this first step the resulting maximum absolute values of 
each load component at the tower base were assumed. In this preliminary investigation, the 
structure-load interaction was not considered. Thus changing tower shapes were not assumed 
to change the loads, which is a simplification, but was assumed to be sufficient to gain a first 
approximation for the material saving potential of LDD support structures. 


Figure 5.2: Design space for circular and elliptical cross section 


Three cases were compared to each other where their wall thicknesses were increased succes- 
sively until all strength and shell stability requirements were fulfilled for different SS to FA 
bending moment ratios. The circular NREL tower base cross section with an outer diameter of 
D = 6.0 m should serve as a reference [109], whereby it would not fit into the design space. 
As second case, a circular cross section with an outer diameter of D — 4.3 m and as third case 
an elliptical cross section with B = 7.5 mand H = 4.3 m was chosen to fit into the transport 
design space. Table 5.1 summarizes the assumed cross sectional dimensions. 


Name Case 1 | Case2 | Case 3 
shape circular | circular | elliptical 
diameter D 6m 4.3m = 
width B -= -= 7.5m 
height H = = 4.3m 
transport constraint | not valid | valid valid 


Table 5.1: Cross sectional properties, including transportability 
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5.2.1 Strength Analysis 


The cross sectional strength is checked by the equation 


1 1 
yr Fk S — — fy, (5.1) 
Yn Ym 
where yf, Yn, and Ym are the partial safety factors for the kind of load, the consequences of 
failure of the component, and the material. fy is the yield strength of the material and Fẹ is the 
acting dimensioning equivalent stress, expressed by the interaction equation 


Fk = Ceq,Ed = don + OG pq — Ox,Ed Co, Ed +3 (oui + Ten Ed t ND 6.2) 
where M m 
Ox Ed = — + Ty + x (5.3) 
in i 
r 
C'.Ed = Pn? (5.4) 
and m 
r4 
— 5.5 
x0. T yd (5.5) 


are the meridian stress, the circumferential stress, and the shear stress. Thereby, F7, Mx, My, 
and M, are the acting normal force, bending moments around x and y axes, and the torsional 


1 
moment. Pn = = Pair Cw v2 is the air pressure on the shell surface and A,, is the enclosed area 


of the cross section wall middle line. For simplicity, Fx, Fy, Txn,ga and Tøn,ga were assumed to 
be zero. 


5.2.2 Local Shell Buckling 


The need of material efficiency and more realistic comparison requires to respect the r/t limits, 
presented in Equations 14.1 to 14.3, and to carry out buckling proofs. The DNV GL standard, 
support structures for wind turbines [63], states that shell stability can be checked according 
to Eurocode 3 DIN EN 1993-1-6 [44]. For the following parameter study, the manual method 
from Annex D in DIN EN 1993-1-6 [44] was applied within a python script. It considered 
a cylindrical shell, such as shown in Figure 5.3. In the elliptical case, a curvature equivalent 
cylindrical shell was assumed for each point around the cross section. Gardner, Chan, and 
Abela may be reviewed to see the derivation of the theoretical buckling initiation point for an 
elliptical hollow section under combined compression and uniaxial bending [76]. In this work, 
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the interaction proof of Eurocode 3 DIN EN 1993-1-6 [44] had to be valid for all points around 
the circumference. It is 


Tx ea |^ Ox, Ed | | C'o,Ed Cera ^ [txoa |" 
= | ah 1 | : )+ 2 | H= | <1 (5.6) 
Tx, Rd Ox, Ra) \Oo,Ra T9,Rd Tx0,Rd 


Figure 5.3: Membrane forces of a cylindrical shell section with constant wall thickness from [44] 


The dimensioning meridian buckling stress o Ra, dimensioning circumferential buckling stress 
To Ra, dimensioning shear buckling stress Txo, £a, and the buckling interaction parameters kx, 
kg, and k, are given according to Annex D in DIN EN 1993-1-6. 


115 


5 Rotatable Tubular Concepts 


5.2.3 Material Saving Potential of a Cross Section 


Parameter Value Reference 
i N 
Steel yield strength t <= 40 mm : fy = 355 EIS DIN EN 1993-1-1 [42] 
mm 
N 
t» 40 mm : fy = 335 — 
mm 


Young's modulus 


E = 210,000 — 
mm 


DIN EN 1993-1-1 [42] 


Partial safety factor ym = 1.1 DIN EN 61400-1 [50] 
for material 

Partial safety factor yn = 1.0 DIN EN 61400-1 [50] 
for consequence of failure 

Partial safety factor DIN EN 61400-1 [50] 
for type of load yr > see 


(already considered in loads) 


Tables 2.1 and 2.2 


Shell fabrication to- 


lerance quality class 


B 


DIN EN 1993-1-6 [44] 


Shell boundaries 


end 1: BC1, end 2: BC2 


DIN EN 1993-1-6 [44] 


Unsupported shell length 


leu = Hr,NREL/3 = 29.2 m 


DIN EN 1993-1-6 [44] 


Load case My = {0...1}My, My = 1.64e8 Nm ASE analysis 

F, = -1.05e7 N, M; = 3.03e7 Nm in section 3.5 
Wind speed Vw = 20 - NREL Study [110] 
Air density Pair = 1.25 s DIN EN 1991-1-4 [67] 
Ellipse drag coefficient Cwl = 0.5 Interpolated from [194, p. 483] 
Cylindrical drag coefficient Cw,cyl = 0.3 [151] and [163] 


Table 5.2: Parameter set for material saving comparison between circular and elliptical tower cross sections under 
strength, local shell stability, and transport boundary conditions 
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With the assumptions from subsections 5.2.1 and 5.2.2, a material usage estimation can be 
carried out. Table 5.2 summarizes the assumed parameter set. A common steel for wind 


N 
turbines with yield strength of 355 —,, shell fabrication tolerance quality class B and a 


tower base section length of Hr,NngL/3 = 29.2 m until the next flange stiffening occurs was 
chosen. Figure 5.4 shows the material savings and necessary wall thicknesses for the different 
tower shapes and tower base bending moment ratios under material strength, shell stability, 
and transport constraints. Material saving is expressed with respect to the proposed tower base 
cross sectional area of the NREL reference tower, denoted by AnrEL = 0.658 m?. Note that 
case | assumed the outer diameter of the NREL reference tower, but its wall thickness was 
recalculated in this study. Thus, the reference tower with the new wall thickness was compared 
to the one with the proposed wall thickness from Jonkman et al. [109]. All results are displayed 
in a step like manner, with respect to discrete wall thickness steps of 1 mm. The dashed lines, 
labelled with SO in the legend represent results without shell stability constraints. They indicate 
that material strength becomes more important for smaller shell diameters, such as in case 2 


and for small — ratios. 
M. 


y 
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Figure 5.4: Material saving comparison between circular and elliptical tower cross sections under strength, local shell 
stability, and transport boundary conditions 


The results contain the required material usage of the transport unconstrained reference cross 
section (case 1), the transport constrained elliptical cross section (case 3), and the transport 
constrained circular cross section (case 2) compared to the NREL reference tower for all 
bending moment ratios. Assumption of the maximum occurring SS tower base bending moment 
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My = 9.52e7 Nm of the own ASE load simulation in section 3.5 revealed the corresponding 
bending moment ratio of M,/My = 0.582 and corresponding material savings of 32.3% and 
30.9% in cases 1 and 3 compared to case 2, respectively. The difference is, that in the elliptical 
case, the transport constraints were valid, but not in case 1. Even for a hypothetical tower 
base bending moment ratio of M,/ My = 1.0, material savings of 16.2% and 12.4% of case 1 
and 3, compared to case 2 would be achievable. The bottom diagram in Figure 5.4 indicates 
manufacturing challenging wall thicknesses of 2 50 mm for case 2 for all bending moment 
ratios above 0.4, while the transport constraint considering elliptical solution remains in more 
manageable wall thickness regions. These findings become even more relevant for taller hub 
heights, because the increasing loads force the wall thickness to be increased likewise. Material 
savings may be expected also for middle and top tower sections, because the blade tip to tower 
clearance becomes an additional constraint to the outer dimensions of non-rotatable towers. In 
case of a LDD tower, blade tip to tower clearance must only be given at one side of the tower, 
wherefore it will not limit the outer tower dimensions. 


5.2.4 Aerodynamic Loads on the Elliptical Tower 


8 = suction 


THICKNESS RATIO t/e 
———— 


0 02.  0& 0.6 0.8 1.0 


Figure 5.5: Lift gradients for different ellipses inverse fineness ratios t/c, from [98, p. 2-7] 


The elliptical tower is a compromise between aerodynamic drag, stiffness, stability and man- 
ufacturing effort, such as discussed in subsection 5.1. In the previous preliminary study, the 
extreme loads from the ASE analysis of a conventional WT configuration with tower drag 
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Fineness ratio c/r | Laminar cp | Turbulent cp 
1 1.2 0.3 
2 0.6 0.2 
4 0.35 0.15 


Table 5.3: Drag coefficients for elliptical profiles with different fineness ratios in a region of Re > 10, 000 


loads were used for a material saving potential analysis. There, the relation between extreme 
SS and FA tower bending moments played a crucial role in terms of material saving. But the 
relation itself is not the only relevant factor. The absolute load values themselves are likewise 
important. One aspect was not accounted for in the previous investigation, namely the profile 
lift. Especially the profile lift, leads not only to an increased tower base SS to FA bending 
moment ratio, but also to general increased loads for certain angles of attack on an elliptical 
profile. 


The aerodynamic lift and drag coefficients cj, and cp are a function of the Reynolds number 
Re, such as discussed in subsection 4.4.1. The drag coefficient for cylindrical profiles are well 
evaluated by Prandtl and Tietjens [151] and by Roshko [163]. Furthermore, aerodynamic loads 
for cylindrical tubes are proposed in the norm DIN EN 1991-1-4 [67] and its Annex [41]. For 
the tower dimensions of the 5 MW NREL wind turbine and standard atmospheric conditions, 
the wind velocity dependent Reynolds numbers are between 10^ and 10’. Therefore laminar, 
transient, and turbulent flows occur. White [194, p. 483] provides drag coefficients for elliptical 
profiles within laminar and turbulent flows in a region Re » 10^, which are listed in Table 5.3. 


Depending on the Reynolds number and on the fineness ratio c/t, elliptical profiles within the 
design space (c/t = B/H = 1.74) obtain about 2/3 of the drag coefficient of cylindrical profiles 
with c/t = 1. A linear interpolated drag coefficient of cp = 0.226 for an angle of attack of 
Q'AoA = 0 deg in turbulent flow from Table 5.3 and cp = 0.31 at aoa = 15 deg, extrapolated 
from figure 6 in [198], was assumed to get 


0.31 — 0.226 
Cp(QG'AoA) = 0.226 + — AGA: (5.7) 
15 deg 


A review of figure 12 in [98, p. 2-7] shows, that the lift coefficient gradient dcr /daaoa is 
constant for angles of attack vAoA < 15 deg for a wide range of ellipses fineness ratios. With 
this knowledge one can read the corresponding lift gradient from Figure 5.5, where it is given 
as function of the inverse fineness ratio. Assuming a t/c = H/B = 4.3m / 7.5 m = 0.57 at the 
upper curve results in 0c_/Oa@aoa = 0.033. The lift coefficient follows as 


dc 
cL(@AoA) = ER Q AoA (5.8) 


For a rough assessment of the aerodynamic influence to the SS tower base bending moment, 
the previous assumed values can be used in Equation 3.6 analogously. In this approach, it was 
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assumed that all outer tower dimensions and the Reynolds number remain constant along the 
tower height, such as indicated in Equation 5.9. 


H 
4a*+6a+4+2 


1 VaY 
2 Pair CD (aoa) | ox 


Mw,x(0) = T (ci =) sin (@AoA) 
E 


(5.9) 


1 Way H 
+ |= Pair CL (@AoA) | x (a) COS (Q'AoA) 
ZH 


2 4a? +6a+2 


By usage of an exponential wind profile with a = 0.2, air density pair = 1.225 kg/m, and the 
reference hub height zu = 90 m the SS tower base bending moments in Figure 5.6 resulted. 
Especially for extreme wind speeds > 50 m/s, significant additional SS bending moments 
> 9 MNm were induced by the tower aerodynamics for aa oq = 15 deg. A comparison with 
the ASE results in Figure 3.7 revealed that the lateral lift loads, caused by skewed inflow of 
Q'AoA — 15 deg, result in an 11.8 9o increased extreme tower base bending moment for extreme 
wind speeds of 50 m/s at parking situations (DLC 6.2). Considering the SS tower base extreme 
bending moment driving DLC 2.1 and assuming a simultaneously occurring gust of 30 m/s, 
a SS moment increase of x 3.9 % can be observed. Note that the corresponding PSFs were 
applied to the previous numbers to achieve comparability with Figure 3.7. These results show 
that the profile lift has an impact to the tower base extreme loads, but it is not as high as expected 
and should not be a reason to discard tubular rotatable support structures for WTs in general. 
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Figure 5.6: SS tower base bending moments for an elliptical tower with a width of 4.3 m and a length of 7.5 m resulting 
from tower lift and drag for different wind speeds 
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Furthermore, investigations about the aerodynamic characteristics of an elliptical radar antenna 
[88] show that the size and momentum deficit of the wakes behind an elliptical profile are 
reduced compared to a cylindrical one, where lower wake interactions for corresponding towers 
can be expected. 


5.2.5 Material Saving Potential for Towers 


In this subsection, material saving estimations for different shell tower configurations with 
changing hub heights are considered. A review of the previous two subsections indicates, that 
an elliptical tower shape provides material saving potential compared to a transport constrained 
circular one. Note that no fatigue considerations were implied in the previous subsection 5.2.3. 
In terms of the preliminary nature of this work, no additional ASE simulations were carried out 
to investigate the proposed tubular towers in more detail. Instead, a simplified approach should 
serve to estimate tubular tower masses. This required a well documented and investigated WT 
and tower as reference. Again, the 5 MW baseline WT was appropriate with respect to these 
requirements and its properties may be reviewed in section 3.2. 


As reasonable simplification for this study, the towers were designed for extreme loads, such 
as suggested by the previous subsection 5.2.3. This assumption is not self-evident, because the 
design report of the NREL reference WT states that the tower wall thickness had to be scaled 
up about 30 % to avoid resonance within all operational conditions. Thus, it was designed 
with respect to its eigenfrequency and not with respect to ultimate loads. A review of the 
WTs Campbell diagram in Figure 4.4 shows, that this reason for increased wall thickness is 
not really comprehensible. In fact, the eigenfrequency of the reference tower is very close 
to the 3p excitation frequency at cut-in rotational speed. A discussion with the developers of 
the NREL reference WT reveals, that earlier versions of the baseline WT had a higher cut-in 
rotational speed and that the tower wall thickness increase is an artefact from that time to address 
earlier resonance problems. However, this adjustment was never been corrected with respect 
to the new operational rotational speed range. The mentioned discussion may be reviewed in 
Appendix 14.12. Regardless of the real driving factor, material strength and buckling were 
assumed to govern the wall thickness of the tower designs for this comparison study with 
transport constraints to the outer tower dimensions, such as indicated by Figure 5.2 and listed 
in Table 5.4. Case | corresponded to the outer dimensions of the reference WT and case 2 used 
the transport constraint at the tower top and bottom, while the tower top diameter remained 
the same as for case 1. This decision was made attributing to the assumption of standardized 
yaw bearing diameters. In case 3, an elliptical cross section with transport considering outer 
dimensions at the tower base and tower top was assumed. 
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Name Case 1 | Case2 | Case3 
shape circular |circular | elliptical 
top diameter Dr 3.87m |3.87m = 
bottom diameter Dg | 6.0m | 43m _ 
width B = = 7.5 m 
height H = = 4.3 m 
transport constraint | not valid | valid valid 


Table 5.4: Top and bottom tower cross sectional properties, with the additional aspect of transportability 


For each of these cases a minimum wall thickness was iteratively calculated at the tower top 
and bottom to withstand the respective maximum loads from the ASE load simulation in 
subsection 3.5.3. In terms of this preliminary study, all outer dimensions and wall thickness 
were linear interpolated between the top and bottom of the tower, whereby the designing loads 
are summarized in Table 5.5. Note that shear forces were neglected, because of their low shear 
stress contribution in terms of the cross sectional utilization. 


Tower Section | F; ref / N | Mx,ref / Nm | My rep / Nm | Mz ret / Nm 


Top —5.40e6 | -2.58e7 —2.98e7 —3.03e7 


Bottom —7.03e6| -9.52e7 1.64e8 —3.03e7 


Table 5.5: Tower top and bottom extreme loads from the reference ASE load simulation in subsection 3.5.3 


The SS and FA bending moments at the tower base were assumed to increase linear with the 
tower hight according to Equation 5.10. 


Hr 
Mx —My ret [mmm 
T,NREL 
Hr (5.10) 
My =My sep 77—— — 
Aly. NREL 


This assumption is not accurate, because of the moments from wind drag on the tower, but 
should serve as simplified approach for this study. Note that tower drag was already included in 
the loads of Table 5.5 and had no significant influence to the extreme loads, such as discussed 
in subsection 3.5.3. The lift induced additional SS bending moment at the tower base was 
included for another study case of the ellipse (C3,wl) to quantify its relevance for the whole 
tower design. Therefore, Equation 5.9 was used with the same parameters as in subsection 5.2.4 
to be added to the calculated SS tower base bending moment from Equation 5.10. Since the 
SS tower base bending moment was driven by a production load case (2.1), a conservative 
high wind speed of 30 m/s with an angle of attack of 15 deg was assumed to calculate the 
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additional SS base moment from lift for the different tower heights. Except for the loads, the 
shell boundary conditions, and the unsupported shell lengths, which should not exceed 30 m 
according to Equation 5.11, all other parameters remained the same as in Table 5.2. Although 
tower top and bottom cross sections were optimized, shell boundary conditions of BC2 were 
assumed for both ends of shells to account for the majority of shell segments in the tower, which 
were seen as long ring stiffened shells according to Figure 8.1f in DIN EN 1993-1-6 [44, p. 39]. 
In terms of tubular WTs, tower flanges are these ring stiffeners. 

Isnen = aaa (5.11) 
The tower’s eigenfrequencies were calculated by means of the Lagrangian equations of motion, 
such as explained in Appendix 14.13. An iterative wall thickness optimization for each tower 
case at each tower hight under the previous discussed assumptions and constraints led to the 
results in Figure 5.7. It shows the tower mass in the first diagram, the tower top and bottom wall 
thickness in the second diagram, the specific tower mass in the third diagram, and the tower’s 
eigenfrequencies in the last diagram for tower heights from 80 m to 180 m. In this design study, 
the mass of the tower with original outer dimensions (C1) resulted to 229.121 t for the reference 
tower height of Ht NREL = 87.6 m and was therefore significantly lower than the documented 
mass of 347.460 t for the reference tower [109] with the same outer dimensions. The reference 
tower mass would decrease to 267.861 t if the 30 % wall thickness increase attributable to 
(unjustified) eigenfrequency requirements would have been neglected. A remaining difference 
of 38.740 t in both designs may be explained through the adjusted control settings to reduce 
the extreme SS tower base bending moment and the tower torsional moment, such as discussed 
in subsection 3.5.3. 


Tower masses of all cases increased almost quadratic with a very small cubic part, because of the 
assumption that rotor thrust forces would not change for larger hub heights. An increased hub 
height means that the rated wind speed is reached earlier. This has not necessarily implications 
to the extreme rotor thrust, because rotor blades will be pitched out of the wind to control the 
rotor power to be at rated level and thereby the rotor thrust is held down. One extreme rotor 
thrust force changing aspect is the different turbulence intensity at different hub heights for 
the same ground roughness. Such effects were neglected in this preliminary study for tubular 
tower concepts. Note that the coefficients for a fitted cubic polynomial to the results of the first 
diagram are documented in Appendix 14.14. The overall tower mass of the tower with original 
outer tower dimensions (C1) required 27.1 % less material at Hr = 80 m and 31.38 % less 
material at Hy = 180 m, compared to the tower with transport constrained outer dimensions 
(C2). An elliptical tower (C3) required 28.94 % and 26.69 % less material for both tower 
heights, compared to C2. This shows, that an transport constraint considering elliptical tower 
concept (C3) is capable to reduce the required tower mass to almost the same as the not transport 
constraint considering tower with original outer dimensions (C1), compared to the constrained 
circular concept (C2). Inclusion of the conservatively assumed lift component at the elliptical 
tower (C3,wl) did not significantly change the results, such as indicated by the black line in 
the first diagram. Note that the discontinuity at tower heights between 130 m and 140 m was 
caused by the thickness depending material strength, such as listed in the first row of Table 5.2. 
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Figure 5.7: Tower mass, wall thickness, specific mass, and eigenfrequencies over the height of different tubular tower 
concepts 


124 


5.3 Other Tubular Tower Concepts 


A good manufacturable wall thickness of « 50 mm at the tower bottom was achieved for tower 
heights of « 164.9 m, « 84.0 m, « 156.9 m, and « 153.4 m for cases C1, C2, C3, and 
C3,wl. This shows, that the elliptical tower concept is feasible and a material saving solution 
for transport constrained towers with large hub heights. The specific tower mass increased 
linear with the tower height as it is the derivative of the mass with respect to the tower height. 
Thereby, different slopes corresponded to different cases. The last diagram in Figure 5.7 shows 
the first bending eigenfrequency of each tower. It reveals, that the most configurations had 
tower eigenfrequencies within the 1p excitation frequency of the operational rotational speed 
range, indicated by the bottom light blue rectangular patch. In cases C1 and C2, the +5 9o 
frequency safety range is reached at tower heights of 103.9 m and 95.5 m. Since the elliptical 
tower had different bending eigenfrequencies in the FA and SS direction, no tower of cases 
C3 or C3,wl exists, which would not hit either the 1p or 3p excitation frequency within the 
operational range. Note that the 3p excitation frequency range is indicated by the light blue 
rectangular patch at the top of the fourth diagram. In terms of eigenfrequencies, none of the 
present cases was appropriate for large hub heights if no further improvements of the dynamic 
structural properties would be incorporated. If the outer tower dimensions should remain the 
same, following approaches may be applied to reduce or to avoid resonance of such tower 
configurations: 


increase the wall thickness, especially at the tower bottom to increase the tower's eigen- 
frequencies 


increase the tower head mass to decrease the tower eigenfrequencies 


use a damping system to convert energy into heat, whereby resonance amplitudes can be 
reduced 


use a monitoring system on the WT to detect tower resonances and drive through them 
as quick as possible 


Each of these options is either connected to increased costs or decreased WT efficiency and is 
not further evaluated in terms of this preliminary study. 


5.3 Other Tubular Tower Concepts 


This section provides a brief discussion about other possible tubular tower shapes. Thereby, 
Kamm-back and outer skin modified towers are treated. 


5.3.1 Kamm-back Tower 


Kamm:-back profiles are aerodynamically shaped, but have no real trailing edge, such as shown 
in Figure 5.8. Their invention was done by Kamm, W. [100] with the intention to realize a low 
aerodynamic drag for cars with the compromise of a practical shape. Therefore, he proposed to 
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cut off the trailing edge of a streamlined car at a point of 50 9o of the maximum cross sectional 
thickness. This sharp straight edge in the back induces a triangular vortex area behind the car 
and acts as an extended aerodynamic profile. Car velocity depending Reynolds numbers are 
between 10^ and 107 and have drag coefficients of cp = 0.3 if a Kamm-back is applied [100]. 


wind 


E 


A-A 


Hub Height 


Figure 5.8: Concept - Kamm tail tower shape and yaw bearing at tower base 


The cross section in Figure 5.8 has a curved shape instead of a sharp edge at its back due to 
manufacturing constraints. The physical behaviour of flows tending to stay attached at curved 
surfaces is known as the Coanda effect [173]. Nevertheless flows detach from curved surfaces, 
known as boundary layer separation, if the curvature or the Reynolds number increases [151, 
p. 69-70]. Consequently, forming of the turbulence field which serves as aerodynamic trailing 
edge behind the profile is therefore more dependent on the Reynolds number compared to a 
sharp edged design. However, the shape has an advantage with respect to stiffness compared 
to other mentioned shapes. Material distributions resemble a rectangular box, wherefore less 
material is necessary to realize the same stiffness as for an elliptical shape. Plate-like areas 
have low buckling resistance and have to be locally stiffened, depending on the exact design 
and loads. The rolling process can be carried out similar to conventional circular profiles with 
a difference regarding rotation angle depending welding heights for circumferential welding 
seams. No limitations to the exact shape achieves flexibility for a good compromised design 
between aerodynamics, stiffness, stability and manufacturing. Kamm-back profiles are not 
warping free, wherefore additional normal stresses occur based on torsional moments and have 
to be considered during a design process. 
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5.3.2 Outer Skin Modification 


This concept describes an aerodynamically modified outer skin for a conventional bottom fixed 
tower, such as shown in Figure 5.9 and is based on patents such as [133], [185] and [185]. The 
overarching goal of the outer skins is wind drag reduction through aerodynamically formed 
shapes. Airfoil profiles and Kamm-back profiles are both imaginable in this context. The 
skins may be connected to the rotatable nacelle to have the same alignment to the wind as the 
rotor. Coverings can end at a certain height of the tower or otherwise be designed along the 
whole tower with a bearing at the bottom of the tower for the skin. This latter concept achieves 
rotor independent skin alignments and thereby faster reactions with respect to wind direction 
changes. 
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Figure 5.9: Concept - Conventional tower with outer skin modification and yaw bearing at tower base 


Corresponding drag reductions achieve smaller wall thicknesses or diameters of the tower. Such 
smaller tower diameters help regarding transport problems up to a certain point. Furthermore, 
no load direction oriented stiffness design is applied to the tower and the material saving 
potential is assumed to be low, because tower drag is not a huge design driving factor, such as 
indicated by the ASE analysis in subsection 3.5.3. 


Furthermore, luv WT approaches have to take into account the smaller blade clearance, because 
of the protruding skin, which leads to shorter or more expensive blades. Another option is 
to apply only a trailing edge, such as the alternative cross section in Figure 5.9 or to use a 
downwind rotor concept instead. In summary, this approach reveals maybe a little material 
saving potential for WT towers, but does not give satisfactory answers according to transport 
problems of larger hub height dimensions. Circular profiles are warping free, wherefore no 
additional normal stresses with respect to torsion occur. 
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6.1 Tower Cross Sectional Concepts 


Leg Mass 


Joints / Members / Foundation Attachments 


Figure 6.1: Conceptual comparison between different non-rotatable and rotatable lattice towers 


Rotatable lattice towers have a significant aerodynamic advantage, because they work not as a 
wing in contrast to aerodynamically shaped tubular concepts. This aspect becomes even more 
important for extreme wind speed parking situations with yaw system fault, where inclined 
airflow may cause tremendous lift forces, which would act along the weak direction of a 
rotatable tower. As suggested in subsection 2.7, many different types and shapes of lattice 
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towers are conceivable. Figure 6.1 shows some different non-rotatable and rotatable lattice 
tower cross sectional concepts. A warping free three legged design would thereby reduce 
the amount of members and joints within the structure compared to a polygonal tower cross 
section with more legs. On the other hand, more legs lead to lower axial loading per leg and 
therefore lower leg masses. In general, the advantage of rotatable lattice towers with respect 
to non-rotatable ones lies in the increased space for the outer tower dimensions. Non-rotatable 
lattice towers must have small outer dimensions at least for the tower sections where the blades 
pass, such as indicated by Figure 2.12. A review of Equation 2.50 reveals that in case of a 
rectangular tower cross section, leg forces reduce linear with their distance to each other. For 
all rotatable concepts, the tower alignment with respect to the RNA is such that the straight 
front edge reveals good blade clearance. How the tower looks like behind the front edge does 
not matter for the blade clearance, because it is fixed with respect to the rotor alignment. 


This freedom in the outer shape of the lattice tower cross section means that it can be designed 
with respect to the main load direction, such as explained in section 4.1. Therefore, a square 
tower cross section may become a stretched rectangular one or a polygonal tower cross section 
may be stretched to be adjusted to the higher FA loadings, such as suggested by Figure 6.1. 
However, rotatable lattice towers reveal material saving potential even for loads, which are equal 
in SS and FA direction because of the possibility of increased outer dimensions, compared to 
non-rotatable ones. In the end, the amount of legs is an optimization problem with costs and 
CO»-emissions being the values to be minimized. Counting the bolts of the tower in Figure 2.12 
reveals that each x-bracing or k-bracing, which consists out of four members, requires about 48 
bolts for its five joints. Furthermore, the connection between each of the 8 leg segments per 
leg requires about 52 bolts. Summing the bolts for the leg connections and the 21 bracings per 
leg up and assuming the lockbolt prices from the offer in Appendix 14.15, results in Figure 6.2 
for different amounts of lattice tower legs. Note that the Butzkies tower in Figure 2.12 contains 
also bolts to merge the two cross sectional parts to one member along its lengths. These bolts 
were neglected in Figure 6.2 where only joint bolts were considered. Furthermore, the 2.5 MW 
WT on the Butzkies tower leads probably to lower tower head loads than the 5 MW NREL 
reference WT, but the first tower is 12.4 m taller than the reference one. Therefore, the results 
were not completely representative for an analogous lattice tower for the reference WT. 


However, assuming the larger 25.4 mm Bobtail lockbolts for the whole tower, revealed costs 
between 25,416 € and 67,775 € for towers with 3 and 8 legs, respectively. This cost difference 
of 42,359 € appears relatively small, but note that only purchase costs are considered. The 
assembly of all the joints and their observation of the pre-load in the bolts lead to additional 
costs over the lifetime of the WT. Since the lockbolts advantage are the low maintenance costs, 
these costs were not evaluated for the preliminary nature of this work. 
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Figure 6.2: Bobtail lockbolt costs for different bolt diameters and different amounts of lattice tower legs based on the 
Butzkies tower in Figure 2.12 and an lockbolt offer from KVT-Fastening GmbH 


6.2 Tower Inclination 


Apart from the tower’s ability to rotate, another innovative aspect is a tower inclination. It can 
be applied to tubular and lattice concepts, such as shown in Figure 6.3. The tower inclination 
leads to additional bending moments within the tower. These bending moments are induced 
through the lever arms from the center of mass from the RNA and the tower masses to the 
original vertical tower base centerline. Such bending moments act within the tower during 
low wind speeds and will decrease with higher thrusts and wind drag on the tower. At a 
certain point, the bending moment changes its sign and increase towards the opposite direction. 
This preloaded tower can be used to design the tower cross section according to a tensile and 
pressure side, such as mobile crane boom cross section concepts present as an example, shown 
in Figure 2.38c. 
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Extreme bending moment around the rotor parallel axis | Value / kNm 
My ‚max,tb 1.53 - 10° 
My min,tb —3.53. 104 
My ‚max,ı5o 7.89 - 104 
M y, min,t50 —1.83 - 107 


Table 6.1: Extreme tower bending moments at tower base and 50 % tower height stages around the rotor parallel axis 
y of the land-based 5 MW NREL reference wind turbine [110, p. 204] 


wind 
> - 


Hub Height 
Hub Height 


Figure 6.3: General inclined wind turbine tower concepts 


6.2.1 Inclination Consequences to Extreme Tower Loads 


Another option is to adjust the inclination angle in such a way that an equilibrium of the unequal 
extreme bending moments from the turbine operation in each direction with and against the 
wind stream is achieved. This reduces the overall extreme bending moments and facilitates 
further material savings. For the purpose of demonstration, extreme bending moments from 
literature ASE load simulations of the land-based 5 MW NREL reference WT at the tower base 
and 50 % tower height are presented in Table 6.1 [110, p. 204]. All listed bending moments act 
around the rotor parallel axis y. Assuming a full balanced design according to extreme loads 
and My max — My,min = AM, = const., load reductions of 


100 9o |My ‚max ib | T |My min, tb| 
max (|My, max,tbl, |My min,tbl) 2 (6.1) 


Reduct.y t = 100 9o — 


= 38 9o 
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for the tower base and 


100 % |My max,t50| + |My min,c50l 


Reduct.y 59 = 100 % — 
mi max (|My max,tsol, |My min,ts0l) 2 (6.2) 


= 38 % 


for the 50 9o tower height stage resulted. A tower inclination parallel to the rotor plane revealed 
reductions of extreme loads up to Reduct., b ~ 16 % and Reduct., tso ~ 27 9o, respectively. 
Note that these load reductions were from theoretical nature and have to be validated in an 
ASE load simulation. Furthermore, loads found in literature only accounted for DLCs 1.x 
in their extreme load evaluation. Other ratios may result from the inclusion of more DLCs. 
However, the proposed load reductions would come additionally to load reductions from lower 
aerodynamic tower drag in case of a lattice tower and lower periodic excitations, caused by the 
smaller tower dam influence from a larger blade clearance. 


6.2.2 Inclination Consequences to Tower Fatigue 


Fatigue loads are also influenced by tower inclination if mean stress levels are considered. 
According to Eurocode 3 DIN EN 1993-1-9 [47], mean stresses should not be mentioned for 
welded joints, except stress-relief annealing is applied. DNV GL [63] proposes a reduction 
factor fm for hot spot stress ranges Ao for welded structural details under the following 
conditions: (1) They have to be subject to post weld heat treatment or (2) corresponding low 
residual stresses must be documented. The approximation of the tower base bending moment as 
an ideal sinusoidal function around a constant mean value Mmean # 0 would lead to qualitative 
normal stresses, such as indicated in Figure 6.4. 


The black dashed line in Figure 6.4 represents normal stresses, caused by the structural weight. 
Red and blue lines are the mean and periodic cycling stresses on the tensile and on the 
compression side of an arbitrary tower. In many fatigue assessment cases, the highest evaluated 
lifetime damage at a certain cross sectional point drives the necessary wall thickness of a whole 
tower section. Thereby, a decreased mean stress level decreases the reduction factor fm, which 
leads to material savings. The factor is determined by Equation 6.3. 


0.8 for Om € -Ac/2 
faci094 0.25" for -Ac[2 < om < Ac /2 (6.3) 
1.0 for Om 2 Aa /2 


With increasing tower inclination against the wind direction, mean normal stresses on the 
compression and tensile side will come closer to the normal stress caused by the structural 
weight Om,w, such as implied in Figure 6.5. 
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Figure 6.4: Idealized stress cycles of the tensile and compressive side of a wind turbine tower 
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Figure 6.5: Idealized mean normal stress as function of tower inclination 


Thereby, mean stress reductions of 
Aom(@t1) = Om, T(rI) 7 Cm, w (6.4) 


with c, as mean normal stress on the tensile side as function of the inclination angle «œr, are 
achievable. From Equation 6.3 one can see that fatigue damage reductions of up to 20 % are 
achievable under the previous described conditions. 


6.2.3 Blade to Tower Clearance 


Another advantage of tower inclination is the increased blade to tower clearance. It enables 
larger or cheaper blades, compared to conventional vertical centerline tower shapes, because 
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modern WT blades are commonly designed with respect to their stiffness. Thereby, blade 
to tower clearance is an important design criterion to the blade structural properties and is 
checked within the SLS, such as explained in subsection 2.2.8. The allowed rotating blade to 
tower clearance amounts to 30 9o to 20 9o with respect to the unloaded state, dependent on 
the measured stiffness reliability of the real blades. For parked situations, the blade to tower 
clearance should not be less than 5 % of the unloaded state [61, p. 32]. Figure 6.6 shows 
the difference in the blade to tower clearance between a conventional and an inclined tower. 
Thereby, œr is the tower inclination angle, asr is the rotor shaft tilt, apc is the blade precone 
angle, Hy is the tower height, /og is the overhang length from the tower top center at height 
Hr + lrs to the blade root center in the hub, and dr = f(z) is the horizontal distance from the 
tower center line to its outer surface at the height of the blade tip zrip. In this consideration, 
blade pre-bends are neglected. 


== === 


Figure 6.6: Comparison between conventional and rotatable inclined wind turbine tower with respect to the blade to 
tower clearance 
From Figure 6.6, the blade to tower clearance in unloaded condition calculates as 
clear. = cos(asr) log + tan(arı) (Hr — zrip) + sin(esr + opc) Riot — dr(zrip), (6.5) 
where the blade tip height is 


Zrip = Hr + lrs + sin(asr) lon — cos(asr + apc) Rrot (6.6) 
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and the outer tower radius at the height of the blade tip becomes 


4 (Dr — Dg) 
Hr 
2 ; 


Dg ZTip 


di(zrip) = (6.7) 
where Dg and Dy are the tower base and top diameters, respectively. Application of the 
5MW NREL reference WT parameters, documented in [109], resulted in the blade tip to tower 
clearances in Figure 6.7. In this example, the conventional tubular steel tower of the reference 
WT was used. The black dashed line marks the original configuration of the reference WT 
and the red curve shows, how the blade to tower clearance increased with increasing tower 
inclination angle arı. The blue, green, and yellow curves indicate the clearances for different 
RNA configurations, where the shaft tilt angle esr or/and the blade precone angle apc were 
changed. Thereby, setting apc = 0 deg increased the rotor area and therefore the wind energy 
harvest about 1 %. A corresponding tower inclination angle adjustment of or; = 2.61 deg 
achieves the same blade to tower clearance as the reference configuration. Analogously, a 
setting with original precone angle apc = 2.5 deg, but with changed shaft tilt angle asp = 0 deg 
increased the rotor area about 1.5 9c. In this situation, compensation of the reduced blade to 
tower clearance, required a tower inclination of ayy = 5.13 deg. The largest rotor area was 
achieved by setting the shaft tilt angle and the blade precone angle to ast = 0 deg and 
apc = 0 deg. With this adjustment, the rotor area and energy yield efficiency increased about 
1.7 % with respect to the reference configuration and a tower inclination of ay, = 7.67 deg was 
required for blade to tower clearance compensation. 


The energy harvest efficiency increase of 1.7 9o through tower inclination is an additional way 
to improve the economics of rotatable WT towers. A more detailed consideration on how much 
the tower inclination affects the economics of rotatable WTs is given for the final design in 
subsection 10.2. Another way is to remain the rotor shaft tilt and the blade precone angles at 
the original values and to reduce the stiffness of the blades by using less material. In this case, 
the tower inclination angle must be adjusted with respect to the decreased rotor blade stiffness. 
This could likewise lead to improved economics, because of the saved blade material but is out 
of scope for this work. 
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Figure 6.7: Blade to tower clearance for different tower inclination angles arı and different RNA configurations with 
respect to the 5 MW NREL reference wind turbine 


Tower Dam 

An additional option is to use the tower inclination to increase the blades distance to the 
tower and therefore to the tower dam area. Note that the tower dam effect is introduced in 
subsection 4.4.2. The larger blade distance to the tower dam area decreases the 1p periodic 
excitation load on each blade and the 3p periodic excitation load on the tower, wherefore fatigue 
in the components is reduced. Results of recent research activities, which are presented in 
Figure 6.8, show that for a certain configuration, the tower dam effect of conventional tubular 
steel towers is responsible for 34 9o de-loading of the tower drag, 11.6 % de-loading of the 
blade shear force and for a reduction of 25 9o of the rotor torque during blades passage [171]. 
In that study, detailed experimental and CFD analyses were used to investigate the blade to 
conventional tubular tower dam interaction [171]. 


Although these values may be different in other WT configurations, they indicate that increased 
blade to tower clearance through tower inclination leads to dynamical load reductions on the 
blades, the tower and the rotor shaft and to increased energy harvest efficiency. Up to now, no 
results for lattice structures are published and are still a task for future research. 
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Figure 6.8: Conventional tubular tower dam effect to tower, blade and rotor shaft loads, taken from Shkara et al. [171] 


6.2.4 Loads from Gyroscopic Motion 


Inclination of a WT tower leads to a higher distance between the rotor plane and the yaw 
axis, wherefore this subsection treats the influence of the inclination with respect to gyroscopic 
loads. The following text distinguishes between so called gyroscopic moments and torsional 
moments, where the first designation points to moments caused by the gyroscopic effect. In 
this context, torsional moments are specified as moments caused by a angular acceleration of 
mass inertia. The section is focused on the effects of rigid body motion of the blades and 
the resulting moments regarding a stationary coordinate system in space. Hence, the first part 
shows the derivation of an appropriate physical model and the second subsection presents the 
results, extracted from the model. 


Physical Model of Motion 

A physical model, such as shown in Figure 6.9 is used to apply Euler's second law. The law 
can be used to compute the acting moments around the axis of an inertial reference frame Fo. 
Bauchau [8, p. 99] cites Euler's second law in English as 


The time derivative of the angular momentum vector of a system of particles equals 
the sum of all moments externally applied to the system, when these quantities 
are evaluated with respect to a common inertial point. Bauchau [ibid.] gives the 
references [69], [70] for his translation. 


From there the description of the position vector r? of one mass point m j resolved in the inertial 


reference frame Fo = Jo. — (i.i. is)| is required to evaluate the angular momentum and its 
derivative. 
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Figure 6.9: Gyroscopic physical model for one blade. Drawing: A. Struve 


The inertial reference frame Fo is defined according to its orthonormal basis Z , which has the 
origin point O. Unit vectors, such as i; are declared with a bar on the top, vectors, such as r? 
are denoted with a bar on the bottom and matrices are marked by two bars on the bottom. In 
this model one mass point m; represents the mass of one WT blade. After the mathematical 
description of the system is accomplished, it is no problem to add more masses to consider 
more blades, such as mpiq = 3 blades for conventional WTs. The position vector ri can be 
derived from the description of a second reference frame 7, = [A, A = (a1, 42, ā3)], which lays 


in the rotor hub center A. 7, rotates around yaw axis i3 and its unit vectors a, and a» will 


always lay within plane Pyay = (0.33), where O describes the location of the plane and i5 is 


the normal vector of this plane, which further implies @3||i3. Vector A describes the position 


of the hub center and its norm ||A|| is equal to the orthogonal distance of the hub with respect 
to the yaw axis 73. Vector B represents the position of the blade mass regarding orthonormal 
basis A. Yaw motion is represented through the yaw angular speed w = w” i5 and the resulting 
angle 


p=wtt po (6.8) 


between i; and A, where scalar t represents time. Incidentally all position vectors, unit vectors 
d, and a», and angular speed w are time dependent, but denotation (t) was neglected to make 
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the equations more readable. The position r of m; resolved in Fo will be described through a 


rotation of initial position vector Es around axis a4. The corresponding rotation angle is called 


®; and describes the rotation of blade j around the rotor axis resolved in reference frame Fi. 
It is calculated through the rotor angular velocity Q = OT a? 


o; - Qf + oj (6.9) 


where 69; is equal to the initial angle of each blade j. Unit vectors a , ai and ul are described 
through a rotation tensor R7, which brings orthonormal basis J to A. The corresponding 
=y 


rotation tensor R^ is defined as 
=p 


RÝ =I + sin(p)iz + (1 — cos(y)) is is 
Rm 


0 0] [6 -Sp 0] per 0 | [es 0 0 
- 1 00|-|s o oļ+ļo -1 O]+]0 c, 0 
01 Lo o of Lo o of Lo o o (6.10) 


where S, and Cọ are abbreviations for sin(y) and cos(p), respectively. The used notation (e) 
denotes the skew-symmetric matrix of a vector and can be used as alternative representation of 
a cross product through a matrix multiplication. According to a rotation around axis i3, unit 
vectors of A resolved in J become 


Cy 
ai =R7 i, =|Se (6.11) 
=p 
0 
-S, 
@ =f 5s|G, (6.12) 
=~ 
0 
0 
a, =R i, =|0 (6.13) 
i 1 
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The second rotation about axis al , which describes the blade motion around the hub center 


takes place through rotation tensor RÝ ; 
=j 


RI =I + sin(®;)ay + (1-cos(®;)) ay a 


13520 -03) $5650 09) Sp So cud 
ale eir 14 (Cp T) 6558 
=, C So 1- S262 + (82 + C2) Co 


where Sp and Co are abbreviations for sin(®;) and cos(®;), respectively. With initial position 


vector Pe 
u 


rj; = 41 IAI] * a7 |IB|| cos(®o) + a ||B]| sin(do) (6.15) 


the complete motion of m; is described by 
ri -R ri. (6.16) 


The angular momentum L^ with respect to the inertial reference frame Fp is the sum of all 
linear moments p7 with respect to their position ry . Following equations are written without 
-J =a 


subscript 7, because all corresponding variables are described in terms of the inertial reference 


frame. 
Nbid Tipld 


L=) nxp-mrxi. (6.17) 


d 
According to Euler's second law a derivative with respect to time, denoted as "E (è) leads to 


the acting moments around the reference frame axes: 


Apıd Nbid Tlbld 
M=L= mj xr*) mr x = Dimi rj Xk 
j=l j=l j=l 
(6.18) 
Mbld Mbld 
"ua 04 = m E m (R, Toj PaL, fa Tum y) 
j=l j=l 
The required derivatives of the initial position vector ry j are expressed as 
Fo; = di [AI] + a2 ||BI| cos(®o) (6.19) 
Fo; = a1 [IAI] + a2 ||BI| cos(®o), (6.20) 
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where the derivatives of the corresponding unit vectors, which are given by Equations 6.11, 
6.12, and 6.13 are 


-Sy (Oto) 
aj =| C (t o) (6.21) 
0 
-Cp (Ot oy - S; @t+20) 
ài =|-5, (Ot o) * Co (0t20) (6.22) 
0 
-Co (o t +w) 
a2 =| -Sy (òt +0) (6.23) 
0 
Sp (Ot +wF -Cp (Ot 20) 
a2 =| -Cp (t+) - S, (Ot 20) (6.24) 
0 
0 
a3 = a3 =|0 (6.25) 
0 


Furthermore, derivatives of the rotation tensor R are required to compute Equation 6.18. They 
=j 
may be written as 


. d i = " 
R 7 (1+ sin(®,)aı + (1 — cos(®;)) a a) 


=) 


=Co (Qt Q) aı + So aı +41 T + a Sg (Qr OQ) HAH (6.26) 
- Co di di — Co di di 
3 d? 
R, =r (1+ sin(®,)aı + (1 — cos(®;)) a ai) 
=- So (Or T +Co (Ö1+20) d 20s (OPO) 21:4 So 91 
= (6.27) 


+a, a, +24; a + aj a + Co (0.1 9)? a, a, + So (Q t - 2 Q) dj a 
+2 So (Q t 4 Q) ài 1*2 So (Qt 4 Q) Tı ay — Co a, 01 — 2 Cp à; ài 


- Co a aı 
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Finally the derivatives of the skew symmetric matrix of the unit vector a, are given through 


0 S 
> d P 
ape. 0 0 -C 
Da C, V 
(6.28) 
0 0 C, (oto) 
- 0 0 Sy (Ot o) 
-Co (wt+w) -Sy (Oto) 0 
0 0 S 
d? p 
1 =— 0 -C 
dt? 
Se C, 0 (6.29) 
0 0 -Sọ (à ty 4C, (@ t+2 ©) 
= 0 0 C, (à toS, (à 1+2 ©) 
Sy (© t+w) -Cy (@ t42 à) -C, (à tw) -S, (à t2 à) 0 


Model Application and Results 

For the computation of the acting moments, parameters of the NREL 5 MW definition WT [109] 
were applied to the previous established model, depicted in Figure 6.9. Thereby, one of the 
Nyja = 3 blade masses is equal to m; = 17,740 kg, the radius to the blade mass with respect to 
the second mass moment of inertia J; = of one blade becomes 


Jota 11,776,047 kg n? 
B|| = M ea — - 25.76 6.30 
IBI = 7, \ 17,740 kg E on 


and the orthogonal hub distance from the yaw axis equals to ||A|llugg, = 5 m. The rotor 
rotational speed was chosen to be constant and equal to the rated rotational speed 


1 mi d 

üequp » Oi (6.31) 
min 60s S 

Os ed (6.32) 


1 
Yaw motion is modelled by a certain acceleration from w(t = 0 s) = 0- to w(t = œ) = Wo = 
s 


0.3 Z through the following relation 


s 180° 
w(t) = Wo (1- ee!) (6.33) 
W(t) = wo A e *o ! (6.34) 
à(t) = —w a2, e?» f, (6.35) 


where a, adjusts the steepness of the yaw acceleration curve. Figure 6.10 shows the results 
with respect to an arbitrary chosen a, = 2 for the first 5 seconds of rotor and yaw motion. 
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Figure 6.10: Acting moments according to rigid body motion of the rotating NREL 5 MW rotor during yaw motion 


The first two diagrams in Figure 6.10 show the angular speed and its derivatives with respect 
to time and the corresponding yaw position of the nacelle, which is equal to o converted to 
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degrees instead of radians. Moreover, diagram three shows the position of m, with respect to 
the inertial orthonormal basis 7. From this diagram it is clear, that the rotor plane Prot = (A, a1) 


is parallel to P = (o.i) in the beginning of the simulation (t = 0 s). Due to small yaw angles, 


no significant changes in the ij direction were observed. The fourth diagram in Figure 6.10 
shows the resulting moments within the inertial orthonormal basis 7. Load representation in 
basis J is a good choice, because all blade force vectors, which affect gyroscopic moments 
lie in a plane parallel to Pyay. This means that the superimposed gyroscopic moments will be 
equal regardless of the mentioned orthonormal basis. Only the proportion according to each 
gyroscopic axis will differ because of the rotation of A in J. The blue line in Figure 6.10 
shows that there is no moment around the initial rotational axis of the rotor. This is expectable, 
because the angular speed Q of the rotor around its axis is constant in time and a torsional 
moment would follow the equation 

Mr=QJ z. (6.36) 


TOL, iz 


The more interesting red curve represents the gyroscopic moment around axis ia. Furthermore, 
a simplified equation for the gyroscopic moment by Manwell et al. [137, p. 164] is provided by 


MManwell = Jonas Qw. (6.37) 


and depicted in black. Its curve differs from the result of the own physical model, especially 
during the first two seconds. Equation 6.37 does not take into account yaw accelerations 
in contrast to Equation 6.18, wherefore low yaw accelerations, such as observed in the later 
course of time lead to coincident curves. This means that high yaw accelerations can hive 
the maximum gyroscopic load above the simplified assumption from Equation 6.37. The 
green curve represents the yaw moment and decreases linear dependent on the decreasing yaw 
acceleration down to M i5 = 0, which is likewise plausible due to Equation 6.36. Incidentally, 
lower a, will decrease the yaw acceleration and therefore its influence to the gyroscopic load. 


With this model it was possible to calculate the influence of an inclined tower by changing the 
length of A, because it represents the rotor distance with respect to the yaw axis. Assuming the 
same WT configurations as before, Figure 6.11 shows the acting moment around the yaw axis 
i3 of orthonormal basis 7 as function of distance ||A||. In this plot, ||A|| was normalized by 


the value from the initial NREL setting and the yaw moment is normalized by the value that 


A 
occurs for the reference setting from the literature [110] with al = 
[A] [NREL 
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Figure 6.11: Relative yaw moment, related to the yaw moment in the reference setting as function of the normalized 
distance between the rotor and the yaw axis 


Torsional moments caused by yaw motion of an inclined tower will significantly change with 
|All 


|| Al INREL 
placed in another distance from the yaw axis. For example, assuming the NREL reference tower 


All L > 46 
llAllseg, — — 
result. By usage of this distance in Figure 6.11, one can read that the yaw moment is increased 


about 35.5 % compared to the reference configuration. 


respect to the original configuration where = 1.0, because the high rotor mass will be 


with an inclination angle of ay; = 8 deg, according to Figure 6.7, a distance of 


The next plot in Figure 6.12 shows the absolute yaw moments, which were normalized by the 
extreme torsional moment at the tower base 

Mr max,NREL = max (|Mr,max], |Mr,min]) = 1.23 x 10* kN m from Jonkman’s analysis in [110]. 
Here, different coloured curves represent the yaw moments with respect to varying yaw angular 
accelerations. As expected, the yaw moments increase with increasing yaw accelerations, but 
they can be hold on a low level compared to the maximum occurring torsional moment if 
appropriate yaw accelerations are obtained. 
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1A 
Allseeı 


Figure 6.12: Moments due to gyroscopic motion and tower inclination at t = 1 s 


As another noticeable and more important result of this analysis, the gyroscopic moments 
around axis i; and i; are independent from the distance ||A||. Therefore, these loads are 
unaffected by tower inclination and are only sensitive to the angular velocity and acceleration. 
This result is supported by the simplified assumption from Manwell et al. [137, p. 164] in 
Equation 6.37 where no rotor to yaw axis distance is necessary to calculate the gyroscopic 
moment. This means, that for the design of a rotatable inclined tower only the yaw acceleration 
has to be considered carefully, but the yaw speed can be the same as for conventional designs. 
In practice, a good control capability of the yaw accelerations at start and stop yaw maneuvers 
is recommended. Furthermore, skewed wind inflow can lead to additional moments of the 
yaw axis and tend to act against the aspired yaw alignment. To avoid large counter acting yaw 
moments, towers with low aerodynamic lateral drag, such as lattice towers should be applied. 
Another way is given through an eccentric tower position on the yaw bearing at the tower base. 
This can be applied to use the tower drag to support the yaw alignment and to reduce the yaw 
moment at the same yaw acceleration through the respective lower yaw inertia. 
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6.3 Other Concepts 


6.3.1 Divided Hybrid Profile 


The divided hybrid profile was invented by the Steel Pro Maschinenbau GmbH company and 
introduced in subsection 2.9.1. Its structure consists of half cylindrical tower shells, which 
are connected by lattice members. An advantageous feature compared to a closed elliptical or 
aerodynamic tower shape are the low lift forces for skewed wind inflow at the tower. On the 
other hand an increased tower drag results at the back half cylindrical shell, because the wind 
stream attacks its concave side. Rigorous CFD simulations help to evaluate the aerodynamic 
loads on the tower and reveal important frequencies of the vortexes behind the half cylindrical 
shells. 


Another two advantages are obtained by its structural properties. Since, lattice members are 
used at the tower flanks, material intense plates can be avoided. Such plates would require 
a lot of material or additional stiffenings to withstand local plate buckling. Furthermore, 
the lattice member connection achieves large distances between the half cylindrical shells, 
whereby the tower’s FA bending stiffness and its corresponding eigenfrequency can be adjusted. 
Attention should be given to the lattice member eigenfrequencies and to the cost rising through 
complicated joint concepts. Moreover, shell buckling has to be analysed for the half cylindrical 
shells, which have a reduced buckling resistance compared to closed cylinders. 


Although divided hybrid profiles are interesting alternatives for rotatable WT towers, they are 
not investigated in more detail in this work, because of the combination of disadvantages from 
lattice and tubular shell towers. The disadvantage of lattice towers is the increased number 
of joints compared to shell towers and the disadvantage of tubular shell towers is their higher 
required amount of material compared to lattice towers. 


6.3.2 Inclined Guyed Tower 


Guying from the fixed ground to the inclined tower, such as shown in Figure 6.13, prohibits the 
tower to rotate and thereby saves the complete costs of a yaw system. This fixed tower is also 
proposed to be inclined to enable greater blade clearances, but has to be applied for downwind 
WTs because of the tower head guying. Tower head guying reduces the bending moments 
within the tower and thereby leads to further material savings. Such a material and cost saving 
concept decreases the energy harvest with respect to changing wind directions over lifetime. 


Figure 6.14 shows some exemplary wind roses. The one on the top left depicts the occurrence 
frequency of each wind direction, the top right presents the mean wind speed from each 
direction, and the bottom one indicates the resulting energy density per year from each wind 
direction. Such site dependent roses of energy can be used to examine the economic feasibility 
of inclined guyed towers. In the exemplary case, a WNW or NNW alignment of a WT with 
guyed inclined tower would bring the most energy yield. This concept may be interesting for 
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certain sites with very dominant main wind direction, but a more detailed investigation is out 
of scope for this work and should be carried out in future research projects. 


wind „ 


Hub Height 


Figure 6.13: Concept - Tilted guyed tower without yaw bearing 
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Figure 6.14: Wind roses: frequency rose, rose of mean wind speed and energy rose [77] 
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7  Rotatable Inclined Lattice Tower 
Design 


7.1 Conceptual Specifications 


This section describes the general concept and its parameters to be investigated in more detail 
throughout the following chapters. Thereby, the first subsection 7.1.1 treats the shape and 
parameters of the chosen rotatable inclined lattice tower concept, the following subsection 7.1.3 
describes the chosen member profiles in more detail, and the last two subsections 7.1.4 and 
7.1.2 treat the conceptual joint details and the nacelle attachment. 


7.1.1 Shape and Parameters of the Rotatable Inclined 
Lattice Tower 


The decision for the amount of lattice tower legs is an optimization problem with many 
parameters. In this work, a four legged rectangular lattice tower cross section was investigated 
for the following reasons: 


Relatively low amount of joints, which means less assembling costs, less bolts and 
therefore reduced purchase costs, and less maintenance with respect to tower cross 
sections with more legs 


Relatively torsional stiff compared to triangular tower cross sections 


Lower bracing member buckling lengths compared to triangular cross sections 


The tower top shape resembles the rectangular shape of common machine foundations 
and provides an appropriate space for the oblong arranged nacelle components 


Other tower cross sections may be more material efficient, but have to be investigated in future 
research projects. Figure 7.1 shows the intended rotatable inclined lattice tower concept with 
its dimensions. Thereby, a linear tower inclination and tower taper was chosen with respect to 
the almost linear bending moment distribution, which is mainly driven by the rotor thrust. The 
tower drag induced nonlinear part of the tower bending moment was assumed to be smaller 
compared to a tubular shell concept. Furthermore, a linear tower inclination and taper requires 
less design parameters and is therefore more appropriate in terms of this preliminary work. X- 
bracings were used along the whole height of the tower in contrast to the Butzkies lattice tower 
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concept in Figure 2.12, where four k-bracings were used for the bottom part and x-bracings 
were used for the upper tower part. Moreover, no secondary members should be used to reduce 
any buckling lengths, which saves members and joints to the cost of more severe cross sections. 
The resulting simple tower geometry may be completely described by 7 parameters, namely 
the tower height Ar, the tower inclination angle arı, the tower top length ar and width br, the 
tower bottom length ag and width bg, and the number of bracing segments Nseg. The bracing 
angle ag should be constant for all Nseg bracing segments. Considering the back view parallel 
to the y — z plane in Figure 7.1, a system of equations is necessary to solve for the vertical joint 
distances h;. In this view no tower inclination is visible, but only the tower taper. One can find 
the slope of the tapered shape by 


by — bg 
= 7.1 
k Hr (7.1) 
and the tangent of the tower taper angle by 
b 
tan (arr) = s a (7.2) 


Figure 7.1: Rotatable inclined lattice concept with rectangular tower cross section and dimensions 
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Next, following equations describe the relations between the tower width 5; and the vertical 
joint distance h; as 


bi = bg +k hy 
bo = bi +k ho 

l 13 
b; = bj +k hi u 


by = DNgog-1 +k hw... 


From Equation system 7.3 one gets N,., equations and 2 Nseg— 1 variables. Another relationship 
is extracted from the line intersection function between a bracing member and a leg with 


bg - 4 bg t ( ) 
B = — tan (~ 
2 tan(ap) 2 TIPS 


-1 


+ tan (a1) (7.4) 


—z- ——— 

B | tan (ag) 

—————— 
re 


Note that the coordinate system is placed in the middle of the tower base and that Equation 7.4 
contains the constant bracing and tower taper angles ag and œrr within constant C. With 
Equation 7.4 and the Equation system 7.3 one can derive another set of relationships between 
the tower width b; and the vertical joint distance h; as 


hı = bg C 
h = bı C = (bg + k hı) C 


i-1 
hi = b;-; C =| bg +k » C (7.5) 
j=l 


Nag-1 
Age = ONeg-1 C = | bg + k 2. h;| C 
j=l 


The Equation system 7.5 contains now Neeg equations and Ngeg + 1 variables to be solved. 
Therefore, a last Equation is necessary where all heights are summed up to the tower height HT 
according to 

Neg 


Hy = 2 h; (7.6) 
j=l 
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A function in a python script, shown in Appendix 14.16, was used to solve the system of 
Equations for the heights h; and the constant C in an automated way for arbitrary Nseg, Hr, 
and tower bottom and top lengths and widths. A corresponding bracing angle results from 
rearrangement of C according to 


C 
mu | 1-C tan cal um 


The constraint of constant bracing angles can not be fulfilled for both sides of the tower with 
possible different tower taper angles œrr and if the bracings from both sides should be attached 
at the same joint heights /;;. From a manufacturing point of view, different attachment heights 
would not be a problem and would lead to reduced leg buckling lengths, but averaged resulting 
joint heights hi 4 and hi y according to 


e hia + hip 
h; = 5 


Vi € {1,2, as Nsg} (7.8) 
were chosen. This decision will not have so much impact to the final result and is made to keep 
the concept simple and to provide a more uniform look of the lattice tower. During the progress 
of this work, other lattice tower concepts with more complicated shapes were considered. 
Therefore, a more general formulation for the bracing point intersection was derived, where the 
point of shortest distance between two lines 


Li =Xieg left +m Aı (7.9) 
La =Xeg right +m d2 


must be found. In bracing line Equations 7.9 Xleg left represents the position vector of a leg 
node on the left side and Xleg,rignt "Presents the position vector of a leg node on the right side, 
respectively. nı and 7» are unit vectors, which are aligned parallel to the bracing member lines 
Lı and £5». Appendix 14.17 shows the derivation of scaling scalars A| and 42 to describe the 
closest point in space of the two bracing member lines. Afterwards, the tower inclination is 
incorporated by shifting all calculated tower node coordinates X oqe parallel to the x axis by 


GE 20 
tonda sues 0 1 0 Vi € 1,2, Nodes) (7.10) 
tan (ær) 0 1 


In Equation 7.10, X ode.inci. ; is the new node position vector for node i in the inclined tower 
and Nnodes is the number of all tower nodes. 
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7.1.2 Nacelle Interface 


S 


AONO 


B, | 
back view side view 


Figure 7.2: Possible adjusted tower top shape as nacelle interface 


As one more advantage of this rotatable lattice tower concept, its rectangular shape at the top 
resembles the rectangular nacelle base area. Therefore, material may be saved in the machine 
foundation compared to a conventional costly transition between the circular yaw bearing and 
the rectangular nacelle shape. In terms of tower material efficiency, the leg distances should be 
as large as possible to reduce their axial loading. On the other hand, too large dimensions at the 
top would be adversely regarding the large area to be covered for the nacelle. Therefore, another 
tower wall slope can be incorporated at the two top segments, such as shown in Figure 7.2. 
It is a compromise to combine large leg distances over the majority of the tower height and 
appropriate tower top dimensions for the machine foundation. The intermediate width bu and 
length ay are assumed as 

bm = (bg + br)/2 (7.11) 
and 

aM = (ap + ar)/2 (7.12) 


Furthermore, the tower front at the rotor side remains straight to provide the best blade to tower 
clearance. Note that such an adjustment is only appropriate if the leg distances reach a certain 
value. Otherwise one induces additional stress peaks at the sharp leg kink, which level out the 
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previous mentioned advantage of larger leg distances. The developed rotatable inclined lattice 
tower in this work did not have another tower taper at the top. 


7.1.3 Member Sections 


l holes for bracing 


<4 joint 


bevel-groove with 
backing strip 


Figure 7.3: A welded lattice tower leg profile with bevel-groove welding detail according to DIN EN ISO 9692-1 [53]. 
The qualitative intersection of bracing member centroids are shown as a red dot and the leg centroid is 
shown as a blue dot. Bending radii are not shown. 


A welded leg profile, assembled from two cold formed L-profiles and shown in Figure 7.3, is 
considered first. Welding seam preparation and welding itself are good automatable manufac- 
turing processes and they save potential man hours compared to the alternative bolting along the 
legs, such as depicted in Figures 2.12 and 2.18. Moreover, lockbolts and additional filler plates 
may be saved to the cost of welding material and a decreased fatigue detail category. Note that 
Figure 6.2 may be reviewed for more information about lockbolt costs. The legs would consist 
out of two 90 deg folded L-profiles, which are welded together as T-joints. The proposed 
welding detail is a bevel-groove weld and must respect the weld preparation properties, defined 
in DIN EN ISO 9692-1 [53]. A bevel-groove weld is done from one side by usage of a backing 
strip. With such a backing strip, it can be assumed as a detail category C1 with respect to the 
detail categories defined in table A.3 of DNV GL’s fatigue standard [62]. Note that backing 
strips must be continuous and if they are welded to a plate, their welding seam itself must be 
continuous to hinder a low detail category F for the joint [62, p. 96]. Furthermore, start and stop 
craters must be avoided through repair measures and non-destructive examination of the weld 
seam. Therefore, welded leg profiles, such as shown in Figure 7.3, thought to be an appropriate 
alternative. During the own performed structural fatigue analysis, it became clear that welded 
leg profiles without special post welding treatments, such as mentioned by Ummenhofer et 
al. [188] [187], would lead to a heavy and material inefficient tower. Furthermore, the potential 
non-intersecting neutral axes of the leg (blue dot) and the bracing members (red dot) led to 


156 


7.1 Conceptual Specifications 


eccentricities, which became a problem in terms of the bracing members fatigue despite their 
most high fatigue classification of detail category B1. 


holes for 
—— bracing 
joint 


Figure 7.4: A bolted lattice tower leg profile, based on a hexagon with its dimensions. The qualitative intersection of 
bracing member centroids are shown as a red dot and the legs centroid is shown as blue dot. Bending radii 
are not shown. 


Therefore, another leg profile concept, such as shown in Figure 7.4 was developed. It is based 
on a hexagonal shape with side length L; and wall thickness ty. By scaling the profile along its 
mirror axis in the dimension Lr, the legs and the bracing neutral axes can become coincident 
to avoid an eccentricity orthogonal to the lattice tower wall. Furthermore, a mirrored double 
bracing profile is an appropriate measure to avoid the local eccentricity in the junction plate 
with thickness fp. Such mirrored bracing profiles are bolted along their lengths, such as for 
the leg profiles and indicated in Figure 2.19. The two parts are connected over their length by 
means of filler plates and lockbolts. DIN EN 1993-1-1 [42] shows in its section 6.4.4, that such 
assembled cross sections may be seen as one cross section for stability proofs under certain 
conditions. In the present case a minimum distance between the filler plates axes of 15 imin 
must be met, where imin is the minimum radius of gyration of both assembled parts. The flap 
length of the leg profile Zr depends on the minimum folding radius of the steel sheets and the 
dimensions of the lockbolt. Cold folded radii cause pre-induced damage to the material and 
are relevant in terms of fatigue. This relation must be evaluated by experiments and nonlinear 
FEM analyses, which are out of scope for this work. More questions arise with respect to the 
local stability of such folded steel plates. Stability of polygonal cross sections was investigated 
for example by Reinke [159] and Migita and Fukumoto [140]. An interesting finding of the 
second publication shows, that the axial bearing load for folded steel sheets remains constant 
for bending angles between 60 deg and 160 deg. Consequently, hexagonal bending angles 
of 120 deg provide similar stability as bending angles of 90 deg, such as presented in the 
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cross sectional classification in tables 5.2 of DIN EN 1993-1-1 [42]. As an assumption and 
simplification in terms of the preliminary nature of this work, all radii were neglected to 
calculate the steel sheet thickness with respect to their plate widths. Thereby, Equations 2.48 
indicate the length to wall thickness ratios for the one side supported flap length with respect to 


(Lr - t) /t € 13.77 € (7.13) 
and the two side supported length according to 
(LL -t)/t<42¢ (7.14) 


Thus, with Equations 7.13 and 7.14, the minimum wall thickness of the leg profile to be not 
classified as class 4 is 


Lr Lb. Hr | (7.15) 


fintes = max | rs 1-428 14426 


maximum 
\ extrusion 
*. diameter 4 
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Figure 7.5: Proposed bracing hat-profile 


Considering the minimum wall thickness fmin,Leg of Equation 7.15 means that no further local 
plate buckling check has to be carried out. For the bracing members hat-profiles, such as 
defined in Figure 7.5, were used. They take advantage of three two side supported plate lengths 
and are therefore relatively material efficient. Figure 2.16 indicates, that there is no reason 
to chose different values for the three two side supported lengths H. This decision achieves 
material efficient dimensions in terms of plate buckling and bending stiffness. The minimum 
bracing member wall thickness fmin Brace is found as 


AL | (7.16) 


finit Brage, = MAX | en B' 24428 
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Manufacturing of relatively thick walled hat-profiles is challenging due to the small demanded 
folding radii. Therefore, roll forming as a cheap manufacturing alternative without any welding 
details for the bracing members, was chosen. A restriction to the profile dimensions is given 
when extrusion moulding would be an option. Through the maximum extrusion diameter, such 
as indicated in Figure 7.5 and prescribed by the manufacturers extruder. Common maximum 
extrusion diameters are in the range between 300 mm and 350 mm!. 


7.1.4 Conceptual Joint Design 


Oo O00 0 0,0 00 0 0 80.00 00 0 


a b c 


Figure 7.6: Joint details of the proposed lattice tower concept. View a shows the outer side of a leg profile with a gusset 
plate to attach the double bracing hat sections. View b shows the bracing members intersection joint and c 
a corresponding sectional view of it. 


In this work, joint detail proofs were neglected to stay in scope of the governing task of 
developing and investigating a rotatable WT tower. However, a conceptual proposal for the 
joints are given within Figure 7.6. Note that the profile dimension proportions and amount of 
bolts may alternated in the real design. Figure 7.6 a shows the detailed brace to leg connection, 
which is realized by means of a junction plate. A junction plate achieves the necessary 
attachment space for the inclined bracing members. Otherwise the leg flap length Lp, shown 
in Figure 7.4 would become too large and would drive the wall thickness of the profile with 
respect to Equation 7.15. Although junction plates require more bolts compared to a direct 
attachment, they are appropriate to reduce the necessary amount of leg material. The chain lines 
in Figure 7.6 indicate the neutral axes of the profiles, which should intersect in one point for a 


1 According to the following three manufacturers: Meco Inc.https://www.techpilot.de/servlets/ 
AuctionConnector?lngCode-de&template-supplier. profile new&ckey-aZGc7eAxVvLZf19JZa7K4 
Technologien, SMS-Group https://www.sms-group.com/de/anlagen/alle-anlagen/ 
strangpressen-stahl/, and Montanstahl https://www.montanstahl.com/de/produkte/ 
sonderprofile/warmwalzen/; accessed 03-April-2018 
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k-joint to prevent additional lever arms and bending moments. Figure 7.6 b shows the x-joint 
of the intersecting bracing members. In this joint the hat-profiles are connected by means of 
another junction plate. This is likewise visible in the sectional view in Figure 7.6 c. Here, one 
can see the double arranged bracing members. All bolts in Figure 7.6 are friction lockbolts to 
reduce the maintenance costs, such as discussed in subsection 2.7.5. Moreover, subsection 2.7.5 
may be reviewed for more information about lattice tower joint proofs. Note that the junction 
plate thickness t should remain the same for all members of one tower segment. 


7.2 Design as Iterative Process 


The design of WT support structures is an iterative process with many steps involved. Figure 7.7 
illustrates the main steps, which were applied in this work to get a final tower design. 


Final Design 


SN-curve and Wind 
Speed Distribution 


Strength and 
Buckling Analysis 


Stress Range 
Histograms 


Figure 7.7: Schematic illustration of the iterative rotatable tower design procedure 


A reasonable first guess of all design parameters defines the initial tower design. This design 
must be checked for its eigenfrequencies to ensure, that no resonance would occur in any 
operational conditions, such as explained in subsections 2.2.8 and 4.3.3. If this requirement is 
fulfilled, an ASE load analysis with all DLCs declared in Table 3.6 follows. The ASE analysis 
results in load timeseries for each structural member and they can be transformed to the 
stress timeseries of predefined member details by consideration of the corresponding member 
geometry. With this information, one can use the maximum stresses to perform a strength 
and buckling analysis according to subsection 2.2.5. After application of an appropriate stress 
cycle counting algorithm, the combination of the resulting stress range histograms, the detail 
SN-curve, the wind speed probability distribution, and the Miner's Rule the resulting fatigue 
utilization can be calculated. For more detailed explanations of the fatigue analysis procedure, 
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subsection 2.2.6 may be reviewed. If the resulting utilizations of all analyses are satisfied, 
the design is finished. Otherwise the process repeats and starts again by guessing a new 
design parameter set. Note that the parameter guess may be automated based on optimization 
algorithms, such as multidimensional gradient searches, particle swarm algorithms, or genetic 
algorithms. According to the own experience, optimization with multidimensional parameter 
spaces and fitness functions with high computational costs is a subject on its own. Therefore, 
and because of the limited scope of this work, automated optimization procedures were not 
applied in this work. However, with some experience one can identify design driving DLCs 
and neglect the other DLCs to accelerate the design iteration duration. Moreover, studying 
the qualitative influence of parameter changes can help to reach a good utilization without 
automated optimization procedures. 
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Lattice Tower in FAST 


8.1 Modification of SubDyn’s Finite-Element Beam 
Model 
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Figure 8.1: Cross sectional axes for a circular (left) and aL (right) cross section 


To investigate the extreme loads and fatigue resistance of the proposed rotatable inclined lattice 
tower the SubDyn module of the FAST framework, presented in subsection 2.8.3, was used. 
In its first state it was not capable to represent other member cross sections than circular ones. 
This limitation is appropriate for the most offshore substructures, but not for land-based ones. 
In most cases offshore structures have welded member joints to reduce the assembling effort on 
site and because transport on open sea is less problematic for large structural pieces than ashore. 
Circular cross sections have a good local buckling resistance and cause less hydrodynamic drag 
compared to box girders and they can be attached to each other by welded joints. For resolved 
land-based WT substructures welded joints are adversely because of transport. As circular 
cross sections are difficult to attach with each other without welding, other cross sectional 
shapes come into consideration. Figure 8.1 shows the different principal shear and bending 
axes, which intersect in the shear center and the centroid for a circular and aL cross section. 
Thereby, a L cross section is a good representation for arbitrary cross sectional shapes, because 
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its centroid and shear center do not coincide and their principal bending and shear axes are 
not parallel to each other. These properties lead to additional terms in the structural matrices 
and the member alignment with respect to its longitudinal axis becomes likewise relevant. The 
corresponding theoretical background for the changes in the structural member matrices and 
the direction cosine matrices in SubDyn is treated in the following two subsections 8.1.1 and 
8.1.2. The validation of the changes is already published by Struve et al. [179]. It took place by 
means of parallel modelling between SubDyn and Abaqus. Struve et al. [179] show the general 
changes in SubDyn only in a superficial way, wherefore this work reveals more detail of it. 
However, a short comparison between the calculated eigenfrequencies in RFEM and SubDyn, 
provided in section 8.4, should serve as another validation of the implemented SubDyn changes 
as well as for the validation of the SubDyn rotatable inclined lattice tower model itself. 


8.1.1 Extension of Structural Matrices 
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Figure 8.2: Degrees of freedom at the two nodes of a beam element 


Major modifications of the SubDyn module took place in the beam element stiffness and mass 
matrices, K vice and M S and the beam element direction cosine matrix p The later is 
derived in subsection 8.1.2. In this work, a beam element was defined through two nodes, such 
as shown in Figure 8.2. Each node possesses six DOFs, three displacements u, v, and w and 
three rotations c, 8, and y. The displacements and rotations of a beam element are assembled 
in its displacement and rotation vector u = (uj, vi, W1, o. B1. y1. 

U2, V2, W2, Q2, P2, y and are related to the corresponding static nodal loads through the beam 
element stiffness matrix. Analogously relates the beam element mass matrix nodal accelerations 
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9? u ss sé T 
Here {ü, Ÿ1, W1, 03, B1, V1, dir, Vo, Yi», do, Bo, yo} to corresponding dynamic loads. Note 


that the symbol f represents time in this context. The nodal forces of a beam element result to 


"E K QE MË (8.1) 
a —— 


static loads dynamic loads 


where damping is neglected because it is accounted for the whole system instead, such as noted 
in subsection 2.8.3. The resulting load vector 

f= [Fai Fas Foi; Mai, Mgı, Myı, Faz, Fu, Fun» Ma2, Mp2, My]. contains the load response to 
the displacements and rotations and the corresponding accelerations. The structural matrices 


K j and M ,, were changed to account for arbitrary orientations of principal bending and shear 
e 


axes and for potential unequal centroid and shear center positions, such as arbitrary cross 
sections may have. K , and M , ae calculated by the integration of the cross sectional stiffness 


and mass matrices ks and d MS over the beam length. For arbitrary cross sections these 
cross sectional structural matrices contain additional off-diagonal terms compared to the circular 
cross section formulation. Equations 8.2 and 8.3 show these matrices for the case that they are 


defined with respect to the centroid of the cross section. A review of Bauchau's work [7] shows 
how to derive these cross sectional structural matrices also for arbitrary reference points. 


GA, -G Axy 0 0 0 -=G Ax ys- G Axy Xs 
G Ay 0 0 0 G Ay Xs + G Ayy ys 
ER EA 0 0 0 
=c sym. Ek -E ty 0 
Ely 0 
G Ax yo + G Ay x2 +2 G Axy Xs ys + Gh 
(8.2) 
A 0 0 0 0 0 
A 0 0 0 0 
A 0 0 0 
“M. =P sym. Lh -hy 0 P) 
l 0 
Ip 


Besides the material properties, shear modulus G, Young's modulus E, and density p, Equa- 
tions 8.2 and 8.3 contain the engineering constants: cross sectional area A, corrected shear areas 
Ax, Ay, and Axy» second area moments of inertia J, and Iy, product of inertia Ty, the torsional 
constant /,, and the polar moment of inertia J). x, and ys are the shear centre coordinates. The 
calculation of these engineering constants for different kinds of cross sections, such as open or 
closed ones is documented in many textbooks, such as in Dankert [35], Bauchau [9], and Cook 
and Young [30]. A Ax, = xy = 0 implies, that the principal bending and shear axes are parallel 
to each other. This is for example the case for circular cross sections. Note that x, and y, is 
equal to the centroid for circular cross sections. Taeseong, Hansen, and Branner [181] derive 
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the beam element structural matrices out of the potential and kinetic beam energies, Epot, and 
Exin according to 


1 fen 
Epot SA E K £ dz (8.4) 
2 0 —c 


1 
ne f p? s dV, (8.5) 
2 Jv 


where L is the beam length, V is the beam volume, 

u r fôu Ov Ow Oa OB Oy 
E= {Vax Yzy» Ez» Kx, Ky, Kz} = Oz E +a, az’ dr’ Br’ be 
strain vector according to Timoshenko beam kinematics, and 7 is the velocity vector of a mate- 
rial point within the beam. Integration of the cross sectional structural matrices along the beam 
requires knowledge about the deflection and rotation functional shapes between the nodes. 
Therefore, Taeseong, Hansen, and Branner [181] assume polynomial shape functions of arbi- 
trarily high order and minimize the elastic energy of Equation 8.4 to extract the corresponding 
polynomial coefficients. After introducing the correct shape function matrices and boundary 
conditions and carrying out mathematical transformations, the structural beam matrices can be 
derived as follows 


T 
| is the generalized 


Epot = jul N / Eu K Bdz|N. u (8.6) 
Kc 

Bn = zi M| [ nor Ne ae] Wa 87 
Mc 


where the transformation matrix N 6px12 for the generalized degrees of freedom vector is used. 
=a 


B6*6P is the strain-displacement matrix and N(z)°*®P is the polynomial matrix. Furthermore, 


p — lis the highest power of the assumed polynomials. Such rigorous beam element approach 
provides more generality than necessary for isotropic straight beams with arbitrary cross sec- 
tions, but achieves more flexibility for future research projects. The user has now the option to 
provide either the engineering constants in Equations 8.2 and 8.3 or to provide full 6 x 6 cross 


sectional stiffness and mass matrices, such as shown in Equations 8.8 and 8.9 for each member. 


Kı Ky Ki Ki Kis Kio 
Ko, K» Ko» Ko Kos Koo 
K3, K3. Ka3 K3q Kos. K36 
c Ka, Kaz Kaz Ka, Kas Kao 
Ks3 Ks4 Kss Kse 
Keo. Ken Kes Koa Kos Kos 


(8.8) 
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Mu 
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Mss 


(8.9) 


The generality in this rigorous beam element allows also for anisotropic material properties 
and prepares the SubDyn module thereby for other future research and development projects. 


8.1.2 Adaptation of Direction Cosine Matrices 


Another important aspect concerns the direction cosine matrix, because the orientation of the 
beam element around its axis is relevant for arbitrary cross sections. Therefore, Figure 8.3 
helps to identify the major parameters of a beam element alignment in space. It is defined 
through its start and end points S and E with its length ||E — S|| = Le, which can be projected 


to the Pxy = (o. K) -plane, to become Lexy. Note that the beam elements origin S is placed 


to the origin O of the global reference frame for convenience. 


Figure 8.3: Parametrised beam element alignment in space 
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The restriction of the original SubDyn version for the local member axis i, to be parallel to the 
Pxy-plane prohibits arbitrary cross section orientations in space. Euler angles can bring any 
orthonormal basis to an arbitrary other one by viewing its overall rotation as a succession of 
three planar rotations. Thereby, the rotations happen around different axes, which means that 
no rotation will occur twice in a row around the same axis [8]. By allowing a third rotation 
around the member axis instead of the previous mentioned restriction, arbitrary cross section 
orientations are achievable. In this case, the direction cosine matrix is defined to describe the 


local beam element orthonormal basis 6, = (i1...) with respect to the global orthonormal 
basis J = (77, K). The order of rotations is defined by a certain sequence. Here, it is the 


; ; ví ; 
rotation from I 7 to a around unit vector K by angle ®, from e to e? ' around unit vector 


n by angle ©, and from ae ? to ED > around unit vector ke "by angle Y. In this notation, 
the upper indices indicate the orthonormal basis in which a vector is resolved. Note that all 
rotations taking place in the mathematical positive counter clockwise convention when looking 
along the negative direction of the rotation axis. 


4] NA 
H Ca -Sẹ 0]|I 
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ji | =|Se Ce Offs (8.10) 
E 0 0 1j. 
— mm 
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=} 
-& YT eat 
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E 0 So Co rx 
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=0 
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Je | =|% Cy Ojjj (8.12) 
ke 0 0 Ig 
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The abbreviations S and C are representative for the geometric sine and cosine functions, 
and its indices show its corresponding Euler angle arguments. Note that Equations 8.10 to 
8.12 describe only rotations in their own orthonormal bases, but a description of all tensors 
according to the global orthonormal basis 7 is required to get E£. Therefore, the direction 
cosine matrices have to be transformed with respect to 7 by 


D! =D! D® p! T (8.13) 
—09 =f —0 =F 
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p = D? p” D^ B (8.14) 
DD BD D (8.15) 


Using Equations 8.13 to 8.15 in 8.10 to 8.12, whereby all tensors of Equations 8.10 to 8.12 are 
described with respect to 7 delivers 


_rıT apu _rıT _rıT 

i. I I I 

-I <I "ES <I 

j| =D, 232 |7 | =D) De Dey | DJ (8.16) 
—I VoD cS = B —I 

ke K K 
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el I! 


with 


Ce Cy — Sp Co Sy —Ca Sp -SaCoCs Sa So 
D! = | Cu + Cp Co Sy -Se Sy «Co CoCr -CoSo|- |i; 7 E| (8.17) 
So Sw So Cy Co 


Note that the unit vector containing vectors, resolved in their own orthonormal basis are identity 
matrices, such as indicated by Equation 8.18. 


pat <8 ]7 -& ]7 

I ii iz 

—I -6 -& 

7 | = || =|7"| =P° (8.18) 
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The sines and cosines of Euler angles ® and © are defined through the beam axis, given by SE 


according to 
Ej 951 s Lexy 


Sse = = 
* Lexy j Le (8 19) 
C E2- Sy C E3 — $3 f 
+ [9] = 
i Lexy Lexy 


Additional information is necessary to define the cross sectional orientation, either by setting 
\P directly or by defining a projected point A’ in space. The projected point A’ can be used to 
calculate the local element unit vector ie according to 


zr A'-S 
i, = — (8.20) 
“ |IA'- SII 
and the other axes are E-S 
= = 
= ——— (8.21) 
*  |E- SII 
ji =k xi (8.22) 
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Because orthogonality between ie, j., and k. is required, one defines A’ indirectly by another 
point A, which will be projected on the shortest distance to the cross sectional plane, which 


intersects point S and to which ke is orthogonal (Posi = (s.x.)). Thus, A’ € Pproj. and 


AA’ L Pproj.. All these proposed changes were validated through a parallel modelling approach 
by Struve et al. [179] and are also beneficial for non-rotatable lattice tower concepts. 


8.2 Modelling the Tower in SubDyn 


After the implementation of all proposed theoretical changes from section 8.1 in the SubDyn 
source code, written in FORTRAN 90, and the appropriate adaptation of the SubDyn input 
file, a way for its automatized generation had to be found. This step was necessary to get more 
flexibility to investigate different tower design parameter sets. A python script with the same 
node coordinate calculation and member connectivity functionality, as developed likewise for 
RFEM, was written to provide the basic geometry data for the SubDyn input file. The member 
list in the input file requires now a cross sectional rotation angle or a local x-axis orientation 
point in space, named A in subsection 8.1.2 for each member together with a switch OriTpe 
to prescribe whether the first or the later applies. This additional information is required for 
complete definition of the orientation of arbitrary cross sections with respect to the member 
axis. All cross sectional orientation points correspond to the bracing member alignment nodes, 
introduced in Figure 14.6. Their coordinates are calculated by definition of a new orthonormal 
basis, where two orthogonal unit vectors lie in a 2D-bracing-plane obtained from three points: 
two leg coordinates and one x-bracing intersection coordinate P,. An arbitrary orthogonal 
vector to this plane, added or subtracted to the bracing coordinate P,, delivers the member 
alignment point A. 


Calculation of the members' cross sectional properties was performed through the cross sec- 
tional analysis tool, BECAS [36]. Usage of this academic free tool, requires the citation of 
the following works: Blasques and Stolpe [19], Blasques [16], Blasques and Bitsche [17], and 
Blasques et al. [18]. It is capable to generate full 6 x 6 cross sectional stiffness and mass 
matrices K and M for closed and open anisotropic beam cross sections. For the purpose of 
this work, àn automated mesh generation was coded in python to model the leg and bracing 
profile meshes in BECAS. A rough mesh for a leg and bracing profile is shown in Figure 8.4 
where BECAS results are plotted for the mass center, the elastic center, the shear center, and 
the principal bending axes. 


A mesh discretization study was performed to evaluate the number of necessary elements to 
get converged cross sectional stiffness and mass matrix entries. The results of the study are 
shown in Figure 8.5 where the stiffness matrix convergence of a leg and bracing member is 
shown on the left side and their mass matrix convergence is shown on the right side. Thereby, 
only non-zero structural matrix entries are shown and related to the result with the highest 
considered number of elements for one cross section. With dnL as the amount of elements 
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for one straight cross sectional part and dnt as the amount of elements along its thickness, the 
maximum considered number of cross sectional elements becomes 


Nel,max = dnL X dnt x 12 2 64 x 64 x 12 = 49,152 (8.23) 


for 12 straight parts. A good match to the converged result is already reached at dnL = dnt = 16 
with ne, = 3072, where the solution is approximately 2 % apart from the ’accurate’ result. Note 
that the sensitivity of dnL compared to dnt with respect to the convergence is not investigated 
further, because the calculations with BECAS and dnL = dnt = 16 run with an acceptable 
performance in terms of necessary processing time. 


O Reference O Elastic O Shear V Mass --Ax. 1 —---Ax. 2 


Figure 8.4: BECAS cross sectional meshes and resulting mass center, elastic center, shear center, and principal bending 
axes for a leg and bracing member 


The cross sectional properties of all members were automatically evaluated to full 6 x 6 cross 
sectional stiffness and mass matrices from the generated mesh. Since they are based on the 
2D finite element meshes in Figure 8.4, which represent closed cross sections rather than open 
cross sections, some adjustments were incorporated. They are necessary to ensure, that the 
torsional stiffness of the members is not overestimated because they have longitudinal parts 
where they are not connected by filler plates, such as explained in subsection 7.1.3. One accurate 
method would be to model each member in a finite element program and apply an unit torsional 
moment at the members tip to extract its torsional stiffness. Such a procedure would require a 
lot of computational time, because of the many different members to consider. Although the 
modifications in subsection 8.1 are rigorous enough to include all six DOF loads of a beam 
node, torsional loads and stiffness of lattice tower members play no relevant role in terms of 
their and the towers design. Therefore, a conservatively reduced torsional stiffness for each 
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member is assumed by downscaling the cross sectional stiffness matrix Koi Vi € (1,...,6) 
and Ke,6,j Vj € {1,...,6} with factor 1e-3. 


Figure 
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8.5: BECAS mesh study for a leg and bracing profile: Non-zero cross sectional stiffness and mass matrix entries 
are set into relation to their converged result 


A representative SubDyn input file is shown in Appendix 14.18. It is ordered into 12 parts: 


1. 
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Input file header: Contains the SubDyn version and some fundamental model descrip- 
tions. Note that this work used an adjusted SubDyn version, which has not been declared 
yet. 


Simulation control: Contains data output options, time step size, integration method, and 
a flag to determine, whether dynamics should be solved around the static equilibrium 
point, such as mentioned in subsection 2.8.3. 


Finite-element and Craig-Bampton parameters: Contains the finite-element discretiza- 
tion number, a flag for enabling Craig-Bampton reduction, the amount of Craig-Bampton 
modes to be retained, and the damping ratio for each of these modes. A review of sub- 
section 2.8.3 gives a brief introduction to the Craig-Bampton modal reduction method. 


Joints: Contains the amount of joints and the declaration of each joint by means of an 
identification number and 3D coordinates. 


Base reaction joints: Declares which joints are fixed in the structure. Until now, there is 
only full 6 DOF fixation possible. 


Interface joints: Declares which joints are part of the interface to the rigid coupled TP 
point. 


8.3 Validation of the SubDyn Model 


7. Members: Declares all structural members by setting a member identification number, 
listing its two joints, define the cross sectional property set of both member ends, chose 
the orientation type OriTpe, explained in the first paragraph of this subsection, and the 
corresponding information for the members rotation angle around its axis or the alignment 
point coordinates A, introduced in the end of subsection 8.1.2. The orientation type and 
the corresponding member alignment information were added to the original SubDyn 
input layout and functionality for the purposes of this work. 


8. Member cross section properties: Declares member material properties, such as the 
Young's and shear modulus and the material density. Furthermore, it takes cross sectional 
geometrical properties for each property in one of three ways: (1) a circular cross section, 
(2) a general cross section, defined by engineering constants, such as the cross sectional 
area, the corrected shear areas, the shear center coordinates, the second area moments 
of inertia, and the torsional constant or (3) full 6 x 6 cross sectional stiffness and mass 
matrices, explained in subsection 8.1.1. The later two options were added to the original 
SubDyn input layout and functionality for the purposes of this work. 


9. Joint additional mass: Declares additional concentrated masses and rotational inertias to 
certain joints. 


10. Outputs: Contains information and flags of how and which results should be written to 
the output files. 


11. Member outputs: Declares members from which more detailed outputs should be written 
to the output files, such as the loads and deflections of certain beam nodes within a 
member. 


12. Global outputs: Declares global outputs, such as interface and boundary loads and 
deflections or modal parameters. 


8.3 Validation of the SubDyn Model 


As mentioned in subsection 8.1, the changes in SubDyn have already been validated by Struve et 
al. [179]. Changes were carried out to account for arbitrary member cross sections, rather than 
only circular member cross sections in the original version. The validation in the cited reference 
was done by an parallel modelling approach between SubDyn and ABAQUS. In the present 
validation case, the civil engineering software RFEM, was used instead of ABAQUS for two 
reasons: (1) Validation against another software increases the reliability of the implemented 
SubDyn changes. (2) In the cited reference, the option of engineering constants was used to 
describe the beam properties, but in this work full 6 x 6 cross sectional stiffness and mass 
matrices were used as input for SubDyn structural members. Appendix 14.19 may be reviewed 
for more detailed information about the parallel implementation in RFEM. Thereby, a certain 
tower design parameter set, such as discussed in section 9.1, was chosen for the tower and a 
natural frequency analysis was performed for comparison of both implementations. 
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Figure 8.6: Natural frequency comparison between RFEM and SubDyn 


A natural frequency comparison between both implementations is a good approach for valida- 
tion of the new implemented beam element and the lattice tower in SubDyn, since it requires 
correct beam stiffness and mass matrices and proper member alignments in space. The later can 
visually be checked in the RFEM software package. Figure 8.6 shows the natural frequencies 
for the rotatable inclined lattice tower in RFEM and SubDyn. Note that the RFEM solution 
is converged with respect to the beam element discretization for element lengths x 0.01 m. 
The calculated natural frequencies in SubDyn differ less than 1.0 9o from the RFEM result 
for the first 10 modes by using only one beam element per member in SubDyn. Doubling the 
element discretization in SubDyn results in no significant improvements and affirms the good 
performance of the beam element formulation in subsection 8.1.1. 


8.4 Implementation of the SubDyn Model in FAST 


This section is divided into two subsections. The first subsection 8.4.1 treats the necessary 
adjustments in the FAST environment, which are focused on the structural ElastoDyn module. 
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The second subsection 8.4.2 discusses the necessary simulation settings in the SubDyn module, 
where the rotatable inclined lattice tower was modelled. 


8.4.4 Adjustments to the FAST Environment 


A switch, called CompSub in the main FAST input file and the provision of the corresponding 
SubDyn input files path is enough to incorporate SubDyn in the FAST framework. Nevertheless, 
a few other settings in the ElastoDyn module had to be adjusted to account for the SubDyn 
structure in the right way. First, the yaw compliance and ElastoDyn tower mode DOFs in the FA 
and SS direction, YawDOF, TwFADOFI, TwFADOF2, TwSSDOFI, and TwSSDOF2 had to 
be disabled. Secondly, the platform DOFs in horizontal surge and sway directions PtfmSgDOF 
and PtfmSwDOF, in vertical heave direction PtfmHvDOF, and around its roll PtfmRDOF, 
pitch PtfmPDOF, and yaw PtfmYDOF axes had to be enabled. For offshore WTs, the platform 
DOFs are used to connect the substructure rigidly with the tower. In case of a land-based full 
lattice tower, the platform becomes the connection between the tower and the RNA. It is not 
possible to disable the ElastoDyn tower completely, wherefore it remained in an artificial way 
by setting the tower height value in ElastoDyn to TowerHt = TowerBsHt + 0.001 m, where the 
ElastoDyn tower base height TowerBsHt = Hy equals to the full lattice tower height. 


Initial Conditions 
The required platform coordinates are given as 


D 
PtfmCMxt = tan (ar) Hr- > + I 


0 (8.24) 


PtfmCMyt 
PtfmCMzt = Hr 


The tower top diameter of the Baseline NREL reference WT was used to place the RNA to 
the same relative tower top position as for the conventional reference WT. The same relative 
position means, that the RNA distance to the front outer border of the rotatable inclined lattice 
tower was the same as to the outer tower border of the reference WT. To reach numerical 
stability, the definition of platform inertias > O was required. Here, a platform roll inertia 
PtfmRIner = 1/2 NacYIner and a platform pitch inertia of PtfmPIner = NacYIner were 
set, where NacYIner denotes the given nacelle inertia about its yaw axis. Neglecting the 
initialization of the self-weight-displaced platform DOFs led to numerical instabilities in the 
beginning of the simulation, because of high tower head accelerations. Therefore, it was 
important to prescribe a good approximation of the initial platform position under self weight 
of the structure. The SubDyn manual [32, p. 31] proposes the calculation of the initial vertical 
platform displacement to be 


yr (SD) y (ED) 
IM, +M ) 8 


—(SD) 
Kn 33 


PtfmHeave = — (8.25) 
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where RE and Mi are the 3,3 elements of the equivalent stiffness and mass matrices 


of the substructure, resolved with respect to the TP point. The equivalent stiffness and mass 
matrices are mentioned before in subsection 2.8.3 and may be evaluated with help of the stand- 
alone SubDyn driver. M ED) is the mass from ElastoDyn, which equals to the RNA mass in 
the present case. Since an inclined tower does not only have vertical initial displacements, but 
also displacements along x and a rotation about y, the whole equivalent stiffness matrix K, 
was used to calculate all tower head (platform) displacements. Note that the tower head, the 
platform and the TP are all the same for this structure. First, the stand-alone SubDyn driver 
was used to calculate the resulting reaction interface loads of the rotatable inclined lattice tower 
under RNA and self weight at the TP. The RNA weight was modelled through point masses, 
attached to ultra stiff and low mass members, such as likewise applied in the RFEM model, 
shown in Figure 14.6. Next, the initial platform displacements and rotations are calculated 
from Equation 8.26 as follows 


PtfmSurge 
PtfmSway —IntfFXss 
PtfmHeave —IntfFYss 
180 deg — 17! | -IntfFZss 
PtfmRoll | = Es | 8.26 
m Td d —BB —IntfMXss ( ) 
PtfmPitc h—— —IntfMYss 
—IntfMZss 
Ptfm Yaw ————- 180° deg 


where PtfmSurge, PtfmS way, PtfmHeave, PtfmRoll, PtfmPitch, and Ptfm Yaw are the platform 
surge, sway, and heave displacements and roll, pitch, and yaw rotations. IntfFXss, IntfFYss, 
IntfFZss, IntfMXss, IntfMYss, IntfMZss are the TP interface reaction forces and moments, 
whose signs must be turned. To get converged interface loads, the SubDyn stand-alone driver 
calculates 300 time steps under RNA and self weight. Note that an applied artificial high 
structural damping of 50 9o increased a converged result in this analysis. 


Artificial Damping through HydroDyn 

Numerical problems arise in SubDyn if the Craig-Bampton! reduction is applied, because the 
interface modes experience no damping. This problem is mentioned by Damiani, Jonkman, and 
Hayman [32, p. 30-31] where they suggest to incorporate an augmented overall system damping 
by enabling the HydroDyn module [113]. HydroDyn is capable, to define a linear damper for 
the platform DOFs in form of a 6x 6 damping matrix C (HD), In the present work, an augmented 


platform-heave damping of (HP) = 0.01?, was likewise necessary to reach numerical stability. 
The equation to calculate the the corresponding element in the damping matrix is 


cim = 2 gD), fg. (mip, + MED) (8.27) 


! Subsection 2.8.3 provides a brief introduction to the Craig-Bampton modal reduction method. 
? This value is the critical damping ratio. 
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8.4.2 SubDyn Simulation Settings 


After incorporation of all these model pre-sets, a Craig-Bampton reduction was used to retain 
20 Craig-Bampton eigenvalues in the FAST embedded simulation. With this, all WT system 
frequencies up to 4.29 Hz may potentially couple with the rotatable inclined lattice tower natural 
frequencies. The value of 4.29 Hz depends on the design parameters and is calculated for the 
parameter set in Table 9.1. Considering the full-system linearized natural frequency analysis of 
the land-based Baseline NREL reference WT in [109, p. 30], no frequencies > 2.02 Hz should 
occur for the relevant first and second blade flapwise modes, the first blade edgewise mode, 
and the first drivetrain torsional mode. Thus, 20 Craig-Bampton eigenvalues were sufficient. 
Furthermore, an appropriate member discretization should be found. The natural frequency 
results in Figure 8.6 justify a member discretization of NDiv = 1, because it reaches already 
good accordance to the converged RFEM results. This is caused by the rigorous anisotropic 
beam element approach, explained in subsection 8.1.1. Moreover, the dynamic solution around 
the static equilibrium point SttcSolve was enabled to ensure a correct self weight inclusion of 
the lattice structure, such as suggested in the SubDyn manual [32, p. 32]. The last important 
parameter was the integration step size. Since equations 3 and 4 in [32, p. 32] do not apply 
properly to an inclined tower, the necessary maximum time step size had to be estimated on 
another way. Experience has shown, that ASE simulations with a time step size of < 0.0125 s in 
case of the implicit second-order Adams-Moulton integration method behave numerical stable. 
Unfortunately, this is a very small time step size, which causes long simulation times of more 
than 2 h to simulate 630 s of one timeseries. 
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9.1 Choosing Design Parameter Values 


Since a material efficient design requires comparison between the performance of different 
input parameter sets, a flexible way for geometry and input data generation was needed. In this 
context, a good performance means low structural mass and a high member utilization. By 
means of self-written python scripts, which create the SubDyn input file automatically from 
the input design parameters, different designs could be tested in comparatively low amounts of 
time. It follows the explanation for the first design parameter set. 


Parameter Assumptions 

The flap lengths of the leg and bracing hat-profiles were set to Lp = 0.09 m and Hr = 0.07 m 
to ensure enough space for bolts. The material thickness of the legs and bracing members 
depends on Equations 7.15 and 7.16 and is therefore not a directly adjustable design parameter. 
Assuming a maximum extrusion moulding diameter of Dextr = 0.35 m for the hat-profiles, 
restricts the two side supported length to 


-021m (9.1) 


2 2 
H H Dextr — H; 
HL ‚max = min 4 Dex — 2 Hr, E + | | F = 3 


259 3 2 


For comparison, the same tower hight as for the Baseline NREL reference tower was chosen 
with Hy = 87.6 m. Moreover, the steel density was increased to Pgtee = 8500 kg/ m? to account 
for the additional weight of bolts, filler plates, paintings, cables, and structural attachments, 
such as the lift cage. Note that this material density is the same as assumed for the conventional 
reference tower and makes it therefore more comparable. Moreover, a common WT support 
structure steel grade with a yield strength of 355 N/mm? was chosen. Cost intensive higher 
steel grades are uncommon, because the WT support structure design is often driven by fatigue, 
where higher grades are not advantageous. A bracing segment number, analogous to the 
Butzkies tower in Figure 2.12 was assumed. With Nseg = 20, it is one less than for the 12.4 m 
higher Butzkies tower. Tower bottom length ag and width bg should be as large as possible 
to reduce the leg axial loading through the tower bending moment. On the other hand, the 
buckling lengths of the x-bracings should not become too big and increased leg distances 
increase the tower stiffness and thereby the amount of load cycles over the lifetime. Note that 
these load load cycles would be smaller. At this point it should be noted that the bottom tower 
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dimensions are likewise important for the tower base yaw system. The influence is determined 
by the chosen tower base yaw concept, discussed in chapter 4.2. In the end it is a complex 
optimization problem to find optimal tower base dimensions. For this preliminary study only 
the material saving potential of the tower was evaluated, without accounting for a specific tower 
base yaw system. Therefore, the tower length and width were oriented at common lattice tower 
base dimensions for this hub height and rated power. Eigenfrequency analyses revealed, that 
first FA and SS bending frequencies reach easily the 3p excitation frequency range of the WT. 
A review of Figure 4.4 shows the excitation frequency ranges. Thus, the tower base length and 
the width were equal and relatively small with ag = bg = 6.8 m. 


Common machine foundations have already rectangular shapes, which can be seen as tower 
top length and width limitation. In case of a conventional WT, the width of the machine 
frame would have a value, which is slightly larger than the tower top diameter. The tower 
top diameter of the Baseline NREL reference WT is DT NREL = 3.87 m and a corresponding 
machine frame could have a width of x 4 m. In the present eigenfrequency driving case for 
the outer dimensions, relatively small tower top dimensions of ay = 4.5 m and br = 4.5 m 
were chosen. It was assumed that large machine foundations would become too heavy and 
reduce the material saving potential of the concept. On the other hand, a certain space is 
necessary to cover all nacelle mountings, such as the drivetrain and the generator. However, 
further investigations with respect to the machine foundation are out of scope for this work. 
Future research projects should consider the machine foundation weight as function of tower 
head dimensions for rotatable WT support structures. 


For the previous explained tower dimensions, the tower inclination angle is calculated with help 
of Equations 6.5, 6.6, and 6.7. To avoid a cone position for the blades and a rotor shaft tilt, the 
corresponding parameters had to become zero: apc = ast = 0 deg. From this, the minimum 
demanded tower inclination angle results to 


1 1 
clear. — lou + dr — (žar = Drau) 
QTI = — arctan 
Hr — Zrip (9.2) 
180d 
ii 9 -20921 deg 
T 


where the calculated blade to tower clearance for the conventional configuration is clear. = 
10.539 m. Furthermore, the parameters in the Equations 6.6 and 6.7 change for the reordered 


Equation 9.2: Dg — ag, Dr > ap, zrip = Hr + lrs — Rro. Note that the additional term 


1 1 
~ar — -Dr,nke in Equation 9.2 was necessary to shift the nacelle from the tower centreline 


to a value, that corresponds to the same distance between the rotor and the tower edge, as for 
the conventional configuration. With these settings, energy harvest from the wind is increased, 
such as discussed in subsection 6.2.3. Table 9.1 shows the assumed parameter set, where Li 
and Hj, were determined to reach a good material utilization. Lj, and AL were given for the 
bottom of the tower and for the top of the tower, marked by indexes g and r, respectively. 
All members in-between had linear interpolated values. The constant filler plate thickness 
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and width was set to be ty = 20 mm and wy = | mm for all members. Note that the filler 
plate width was conservatively set to that small value instead of a real value, such as 70 mm 
to account for the reduced axial, bending, and torsional stiffness, due to discontinuous filler 
plate occurrences along a member. The cross sectional torsional stiffness was additionally 
downscaled about factor 1e—3 to include the significant stiffness reduction within the open 
cross sectional areas along the members and is more explained at the end of section 8.2. Note 
that the proposed parameter set was not optimized, but should serve as a first guess in the 
context of this preliminary study. 


Parameter | Value| Unit || Parameter | Value | Unit | Parameter | Value | Unit 
Hr 87.6 m Nie 20 | - Dsteel 8500 [kg/m? 
f 355 | N/mm? dp 68 |m bg 6.8 m 
aT 4.5 m br 4.5 m LLB 360 mm 
LLT 270 mm Lg 90 mm ALB 90 mm 
ALT 210 mm Hr 70 |mm QTI -7.721 | deg 
Ip 20 mm Wp 1 mm 


Table 9.1: Rotatable inclined lattice tower design parameter set for a tower height of 87.6 m 


9.2 Modal Analysis 


Some fundamentals of modal analysis are introduced in subsection 4.3.3. This section discusses 
the different modes and shows them in the context of WT operational conditions within the 
first two subsections. Furthermore, a sensitivity analysis is provided for the aspect of tower 
inclination with respect to the different modes. Knódel states that eigenfrequencies of structures 
are difficult to define as they are changing throughout vibration cycles, especially if buckling 
failure of the pressure x-bracing diagonal is considered [122]. Since deformations are small 
and buckling is not allowed for all members, this aspect is not investigated in this work. 


9.2.1 Mode Shapes 


Figure 9.1 depicts the first 10 mode shapes as qualitative deflections with respect to the original 
structure in RFEM. Note that the global x-direction is marked with a capital X in the figure. 
The first two mode shapes are the typical first bending modes in the FA and SS direction and 
the third is the torsional mode. During the evaluation of the parameter set for the rotatable 
inclined lattice tower for 90 m hub height, these first three eigenfrequencies were the most 
important ones to consider, because intersection of the excitation frequencies with these close 
tower eigenfrequencies led to significant fatigue. The following mode shapes from 4 to 8 are 
the higher global bending mode shapes, while the last two show a combined global torsion and 
local leg bending deformation. Table 9.2 shows the corresponding exact values of the important 
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tower modes. As leg distances and bracing lengths are small, the first pure bracing mode shape 
occurred at higher frequencies of > fj; = 8.802 Hz. A pure bracing mode is considered as 


a mode if mainly bracing members deflect, without significant participation of global tower 
deflections. 


NTN 


KAANT 
44:665; 
Aa 


aA 


A 


Q 


Q 


7 
A 
AA 
Im 
AL 


D 


ees 


XO 
Fi 


x 


X 


Th 


1 
AH 


Figure 9.1: First 10 mode shapes of the rotatable inclined lattice tower for 90 m hub height 


9.2.2 Campbell Diagram 


In WT technology, structural eigenfrequencies should not coincide relevant excitation frequen- 
cies during operation. A good way to check for this requirement is to plot the Campbell diagram 
of the WT, such as introduced in subsection 4.3.3 for the reference configuration. In contrast 
to the previous, Figure 9.2 shows the Campbell diagram for the rotatable inclined lattice tower 
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(RILT) with its first 5 eigenfrequencies and some multiples of the excitation frequencies. The 
later were denoted as 1p, 3p, 6p, 9p, and 12p. The first multiples are more relevant, because 
they contain much more energy than the higher harmonics. 
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Figure 9.2: Campbell diagram of the 90 m hub height rotatable inclined lattice tower for the 5 MW NREL reference 
WT. All frequencies are plotted with +5 % safety margins, except the other structural part frequencies. 


Figure 9.2 illustrates, that no intersections between the important 1p and 3p excitations and the 
RILT eigenfrequencies exist within the operational range. The first two tower modes lie with 
fi = 0.297 Hz and f = 0.301 Hz between the Ip and 3p excitations in the operational range. 
All other eigenfrequencies are above the 3p excitation frequencies. However, the next multiple 
(6p) intersects with the torsional tower eigenfrequency of f3 = 0.654 Hz at the cut-in rotational 
speed. Other intersections within the operational range occur for the 12p harmonic excitation 
and the fourth (f4) and fifth (fs) tower eigenfrequencies. Interestingly, eigenfrequencies of 
other structural components, such as the drivetrain and the blades, are likewise hit by harmonic 
excitations within the operational range. These other structural parts are shown in orange colour 
and are part of the reference WT configuration. It reveals that the upper harmonics caused no 
problems with respect to these components in the past and a critical influence to the higher 
tower eigenfrequencies is likewise not expectable. How intersections with upper harmonics 
affect the loads, manifested at the full ASE analysis and in the following extreme load and 
fatigue analyses. It was thereby covered within the assessment procedure. 
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Mode | Description Value 
1 1. Tower FA Bending 0.297 Hz 
2 |l. Tower SS Bending 0.301 Hz 
3 |l. Drivetrain Torsion 0.621 Hz 
4 |1. Tower Torsion 0.654 Hz 
5 |l. Blade Asymmetric Flapwise Yaw | 0.666 Hz 
6 |l. Blade Asymmetric Flapwise Pitch |0.668 Hz 
7 |1. Blade Collective Flap 0.699 Hz 
8 |1. Blade Asymmetric Edgewise Pitch | 1.079 Hz 
9 |1. Blade Asymmetric Edgewise Yaw |1.090 Hz 
10 |2. Tower SS Bending 1.834 Hz 
11 |2. Blade Asymmetric Flapwise Pitch | 1.922 Hz 
12 |2. Blade Asymmetric Flapwise Yaw | 1.934 Hz 
13 | 2. Blade Collective Flap 2.021 Hz 
14 |2. Tower FA Bending 2.282 Hz 


Table 9.2: Wind turbine eigenfrequencies with rotatable inclined lattice tower and 90 m hub height. RNA frequencies 
are taken from Jonkman et al. [109, p. 30] 


Table 9.2 summarizes all available structural component eigenfrequencies with their exact val- 
ues. It should be noted that the tower eigenfrequencies were calculated by means of the SubDyn 
module where RNA masses and inertias represented at certain points in space, which are rigidly 
coupled to the tower top joints. More information about the modelling in SubDyn is provided 
in Chapter 8. Other structural part eigenfrequencies were obtained through an eigenanalyis 
on the first-order state matrix, which was generated within a linearization of the conventional 
reference FAST model and given by Jonkman et al. [109, p. 30]. The added denotation yaw 
and pitch in Table 9.2 corresponds to coupled asymmetric blade eigenfrequencies with nacelle 
yaw and pitch motions. 


9.2.3 Modes Sensitivity to the Tower Inclination 


This subsection provides a short sensitivity analysis of the tower modes with respect to its 
inclination angle œr. Recalling subsections 6.2.3 and 9.1 shows, that the tower inclination 
aT; was considered to be dependent on the blade precone angle opc and the rotor shaft tilt 
angle agr. This dependency was introduced to obtain the same blade to tower clearance as 
for the reference configuration in cases where apc and ast were changed. Table 9.3 lists six 
different cases C1 to C6, where these two angles were changed between their original values 
and zero. A combination of these options resulted into four different tower inclination angles 
ar plus two additional increased inclinations, C1 and C2. The tower inclination influenced 
the eigenfrequencies in the different modes. Note that these values are different for other tower 
dimensions and the present ones were based on the parameter set in Table 9.1. 
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Case) oy | c2 | c3 | C4 | C5 | C6 |C1/C6 in 9o | C3/C6 in % 
Parameter 
apc / deg 0.0 | 0.0 | 0.0 | 2.5 | 0.0 | 25 - - 
asr / deg 0.0 | 0.0 | 0.0 | 0.0 | 5.0 | 50 : i 
-ar / deg 20 | 15 |7.721|5.179 | 2.651 |0.056 - ! 
clearance / m 24.48 | 18.62 |10.54 | 10.54 | 10.54 | 10.54 : ! 
fı | Hz 0.260 0.279 |0.297 | 0.301 | 0.303 | 0.304 86 98 
fy [Hz 0.278 | 0.290 | 0.301 | 0.304 | 0.305 | 0.306 91 99 
fs [Hz 0.580 | 0.616 | 0.654 | 0.662 | 0.667 | 0.670 87 98 
fy | Hz 1.856 | 1.853 | 1.835 | 1.827 |1.820\1.813| 102 101 
fs | Hz 2.049 | 2.169 | 2.282 | 2.304 | 2.317 | 2.320 88 98 


Table 9.3: Sensitivity analysis of the rotatable inclined lattice tower modes with respect to the tower inclination 


Table 9.3 reveals that increasing tower inclination causes decreased tower eigenfrequencies. 
This result was expectable, because the length of the tower rose likewise since the overall tower 
hight remained always the same. However, the decrease is not more than 2.3 9o between the case 
C3 where no precone and no shaft tilt case was applied and the almost vertical configuration 
C6 for the first five tower modes. The mode frequency decrease changed up to 14 % if larger 
tower inclinations of -ayı = 20 deg were incorporated, such as in case C1. 


9.3 ASE Simulation Results of IEC 61400-1 Load 
Cases 


This section shows the results of the full RILT ASE analysis within the FAST framework and the 
adjusted SubDyn version. All modelling aspects and specifications are covered by the previous 
chapter 8. A large subset of the required DLCs according to IEC 61400-1! was chosen to be 
investigated in this section. The subset was the same subset as the one, which was analysed 
for the reference configuration in subsection 3.5.3 to ensure comparability. The amount of 
generated data in this work was so high?, that it was impossible to show it for every single load 
sensor of every random seed and every DLC. Instead, a certain wind speed and random seed of 
DLC 1.1 was used to explain how the results looked like in general and how tower inclination 
affected the loads. After that, further interesting DLCs are presented, especially if some special 
things occurred during the analysis. 


! An introduction to the different DLCs is given in subsection 2.2.2. 
? The size of all ASE calculated sensor output files amounts to ~ 470 GB. Note that these are text files and not 
memory optimized binary files. 
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9.3.14 Normal Power Production 


In the normal power production DLC 1.1 with NTM, mean wind speeds between the cut-in and 
cut-out wind speed were considered for 6 different random seeds and a mean wind direction 
of —8 deg, 0 deg and 8 deg. DLC 1.1 accounts for no transient wind or WT events. In this 
subsection, a RILT according to case C3 in Table 9.3 was used. 


The first (top) diagram in Figure 9.3 shows the stochastic wind with a mean value, equal to the 
rated wind speed of 11.4 m/s and with a mean wind direction of 0 deg over the time period 
of 600 s?. In this case, the main wind direction was parallel to the WTs rotor axis, which 
was parallel to the global x-axis. The blue coloured sensor Wind1VelY is the wind speed 
in y-direction and the red sensor Wind! VelX represents the wind speed in the x-direction, 
respectively. 


In the second diagram the blade 1 pitch angle BldPitchl is shown in blue. The WT has a 
collective pitch drive, wherefore a given pitch angle of one blade can be seen as equivalent to 
the other two blades. Since the wind speed was around the rated wind speed, the pitch actuator 
had to increase the blades pitch angle from 0 deg in cases where the wind speed became more 
than the rated wind speed. This happens to restrict the generator power to ~ 5 MW and to 
limit the loads in the system. The blade to tower clearance TipClrncl is shown in red and 
it was calculated with respect to its perpendicular distance to the tower wall in the case, that 
the blade tip pointed vertically downwards. In cases where the blade tip was above the yaw 
bearing, TipClrncl represented the absolute distance to it^. Therefore, only the minima of this 
sensor were interesting. Note that the blade to tower clearance was already transformed into a 
percentage value of its unloaded state and accounts for tower inclination as well as for a PSF 
of yt Ym Yn = 1.35 x 1.1 x 1.0 = 1.4855. In subsection 2.2.8, the minimum allowed clearance 
for different blade manufacturing testing procedures and operational conditions is discussed. 
Assuming the reference WT has blades with continuous bending stiffness control during the 
blade series production, the minimum allowed clearance is 20 % of its unloaded state. In the 
present case, the clearances became not less than 34.2 9o. 


The third diagram shows the rotor thrust RotThrust in blue and the rotor torque RotTorq in red. 
It can be seen, that the rotor torque rose only to about 4, 500 kNm, because the blades pitched 
out of the wind to reduce it at higher wind speeds. At time periods with less wind speed, the 
rotor thrust and torque may fall to lower values. Then, the blades are fully pitched in, to 0 deg. 
A corresponding dip in the main wind speed WindlVelX led consequently to a rotor thrust 
RotThrust and rotor torque RotTorq dip, such as shown at the time mark around 390 s. Note 
that this was just a dip of the wind speed in the main wind direction. Since the wind speed rose 
simultaneously in the transverse direction, this was rather a wind direction change than a wind 
speed dip. 


3 The diagram shows a 600 s time period, which starts at 30 s to avoid the initialization influences. This common 
practice was likewise mentioned in subsection 3.5.1 

^ Jonkman and Marshall [112, p. 95] explain how TipCIrncl is calculated. 

5 The partial safety factors are chosen according to IEC 61400-1 [50, p. 48] 
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Figure 9.3: ASE simulation results for different wind turbine sensors and DLC 1.1 at rated wind speed on average. The 
rotatable inclined lattice tower, based on the parameter set in Table 9.1, is used. 
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The fourth diagram shows the rotor speed RotSpeed in blue and the generator power GenPwr 
in red. Both sensors had a visible correlation to each other, to the rotor torque, and to the pitch 
angle. A power restriction occurred as a result of increased pitch angles. Obviously, the rotor 
speed fluctuated around its rated value of 12.1 rpm at time periods with equal or higher than 
rated wind speed. 


In the last diagram, tower head displacements are shown in X- and Y-direction. They are 
measured from the initial platform interface point at the tower top and are denoted as PtfmTDxi 
and PtfmTDyi for the different horizontal directions. Since the wind blew along the global 
X-direction, a tower top displacement in the same (positive) direction was expectable as shown. 
Furthermore, a good correlation between the rotor thrust in the third diagram and the tower top 
displacement in x-direction is visible. The transverse wind speed had a mean value of 0.04 m/s 
in this timeseries. However, the transverse tower top displacement PtfmTDyi fluctuated around 
a negative mean value. Since the rotor rotates clockwise, a sidewise tower top deflection in 
the negative y-direction was induced by the generator moment. This is also confirmed through 
analogous peaks of both sensors PtfmTDyi and RotTorq. 


In Figure 9.5, load components of certain members of the RILT are depicted for the same 
timeseries as in Figure 9.3. Thereby, the upper three diagrams show loads of the four bottom 
tower legs. In the first diagram in Figure 9.5, the normal forces at the bottom of all four legs are 
given. The left side in Figure 9.4 helps to identify the leg enumeration with respect to the global 
coordinate system and the corresponding mean wind direction in this considered timeseries. 


leg4 y x Leg3 
x y 
wind) L 
X 
yi X 
Legi * Y Leg2 


Figure 9.4: Bottom tower leg coordinate systems and mean local bending moment directions (left) and bracing member 
designations (right) 


The front legs 1 and 4 are under tension, while the back legs 2 and 3 are under pressure. This 
result is interesting, because the incorporated tower inclination induced pressure to the front 
and tension to the back legs. This happened through the self weight induced bending moment 
in the tower, such as mentioned in subsection 6.2.1. Therefore, Figure 9.5 reveals that the tower 
inclination was not enough to equalize the normal forces in the front and back legs for this 
specific DLC and wind speed. Note that the wind speed drop in the main wind direction at 
390 s is still detectable in a visual way for the leg normal forces. Thereby, the tension in the 
front and the pressure in the back legs decreased. 
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Figure 9.5: ASE simulation results for different load components in the bottom tower legs and bracing for DLC 1.1 at 
rated wind speed on average. The rotatable inclined lattice tower, based on the parameter set in Table 9.1, 
is used. 
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The second and third diagrams show the four legs at the bottom of the tower with their bending 
moments around their local x- and y-axes. Here, the left side in Figure 9.4 helps to find the 
local coordinate orientation of the members. Bending moment directions were entered into the 
Figure by red double arrows and are oriented at the mean values of diagrams two and three. 
Comparison with the first diagram shows that the local bending moments, which are parallel to 
the main tower bending axis, pointed in the same direction as the global bottom tower bending 
moment. 


The fourth diagram shows normal forces within the diagonal bracing members on one side of 
the tower. It is the main wind direction and global X-axis parallel tower side on the -Y half$. 
The right side in Figure 9.4 indicates which colour corresponds to which bracing. Thereby, 
this is in agreement with the first diagram findings where tension in leg 1 and pressure in leg 2 
led to pressure in brace 1 and tension in brace 2. 


9.3.2 Loads Sensitivity to the Tower Inclination 


In this section, the influence of tower inclination with respect to the tower member loads is 
presented. The first diagram in Figure 9.6 shows the mean leg normal force results for the same 
conditions as in the previous subsection 9.3.1, but for different tower inclinations, according 
to the three different cases C1, C3, and C6 from Table 9.3. Each of these cases corresponds 
to one point in the plotted lines. Interestingly, leg normal forces did not significantly change 
for different tower inclinations er; < 20 deg. The reason for that is found in the following two 
diagrams. In the second diagram, all global mean bending moments are presented, which are 
parallel the Y-axis. One can see that the values of case C3 (-arı = 7.721 deg) are consistent 
with the values from diagram two and three in Figure 9.5. However, the local mean leg bending 
moments, which were parallel to the global Y-axis, changed with the tower inclination. In the 
region of 11.9 deg < -arı < 14.6 deg occurred a minimum for all four legs in this DLC and 
wind speed. Assuming an exemplary tower inclination of -arı = 12.5 deg, the absolute global 
Y-axis parallel bending moments in the legs 1, 2, 3, and 4 could be reduced about factors 4.15, 
11.85, 6.76, and 6.45, respectively. 


Something similar happened to the normal forces in the two considered bracing members, 
marked on the right in Figure 9.4. They intersect to a minimum value at -arı = 5.14 deg. 
Furthermore, brace 1 is under tension and brace 2 under pressure for low tower inclinations, 
but this changes around the intersection point. For —or; 2 3.98 deg brace 1 changed to be 
primarily under pressure and for -atı > 6.32 deg brace 2 changed primarily into tension. 
A comparison of the absolute bracing normal forces of C6 to the local optimal intersection 
point at -ær = 5.14 deg shows that they can be reduced about factor 3.33 for brace 1 and 
about 5.24 for brace 2. These local optima changed for other segments along the tower hight 
and for other timeseries. Note that the presented lines are the mean values of one random 
seed, wind direction, and wind speed of the specific DLC 1.1. Coming back to the original 
statement regarding the normal forces in the legs, one identifies its bending flexibility together 
with the axial flexibility of the bracing members as the way to take the additional global tower 


6 On the left side in Figure 9.4, the -Y side is the X parallel side on the bottom 
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bending moments, which were introduced through tower inclination’. Since the axial stiffness 
of the legs were comparatively high, the loads rearranged in their bending DOF and the bracing 
members axial DOF. 
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Figure 9.6: ASE simulation results for different mean load components in the bottom tower legs and bracing for DLC 
1.1 at rated wind speed on average and different tower inclination angles. The rotatable inclined lattice 
tower, based on the parameter set in Table 9.1, is used and its inclination angle is varied according to case 
C1, C3, and C6 from Table 9.3. 


7 A general discussion about tower inclination influence to loads is given in section 6.2. 
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At this point, one could calculate all tower inclination dependent load intersections at the 
different heights of the tower and for all DLCs, but it would provide no benefit regarding the 
material saving potential. This is because loads themselves are meaningless to the material 
utilization until they are applied to a certain cross sectional geometry and are transformed into 
stresses and thereby into utilizations. Sections 9.5 and 9.6 explain more about the material 
utilization and the manual optimized tower design, presented in this work. 


However, Appendix 14.20 shows an exemplary plot of the member yield strength utilizations 
of segment 10 of a RILT as function of its inclination angle. It confirms, that inclination angles 
of er; < O can reduce not only the member loads, but consequently their utilization. A lower 
utilization is thereby an indicator for more material saving potential. 


9.3.3 Power Production with Faults in the Control System 


During the structural analysis, especially DLC 2.1 and 4.2 pointed out to be driving DLCs 
in terms of extreme loads. Therefore, a closer look into DLC 2.1 is given in this subsection. 
DLC 2.1 accounts for a fault in the control system where one blade starts to pitch to 0 deg 
and the measurement system detects the fault and gives the command to shut-down the WT by 
pitching the other two blades to 90 deg. As already explained in subsection 3.5.3, the pitch 
rate for this transient event was adjusted from the original pitch rate of 8 deg/s to 2 deg/s to 
reduce the loads?. For the rotatable lattice tower, the pitch rate had to be reduced once more to 
0.3 deg/s for transient pitch maneuvers. Note that this adjustment has no significant impact to 
the annual energy harvest, because it is limited to WT shut-downs. However, a small pitch rate 
leads to longer periods of aerodynamic unbalance, which can cause additional fatigue damage. 
Since fatigue is not a design driving factor? and those fault events occur rarely during the 
wind turbines lifetime, this problem is assumed to be negligible. Moreover, start-ups are not 
significant in terms of extreme member utilizations, therefore the previous pitch rate of 2 deg/s 
remained for DLCs 3.x. 


Figure 9.7 shows the same ASE sensor results as for the normal production case in subsec- 
tion 9.3.1, but this time for DLC 2.1 at cut-out wind speed on average. Therefore, the pitch 
angle of blade one BldPitchl was always > O deg until the transient event where it moved 
constantly to O deg. Because of the other two blades' pitch movements towards 90 deg, the 
WT shut-down and the blade tip to tower clearance curve disappears from the diagram due to 
rotor stop. In diagram three, one identifies a strong rotor thrust decrease at the beginning of 
the event. The rotor torque dropped about 30 s later from its rated value to x 0 kNm. Diagram 
four shows how the rotor speed and the generator power decreased to zero during the event. 
Note that the rotational speed matches the disappearance of the rotor tip to tower clearance 
curve in the second diagram. The last diagram indicates where the most critical moment for 
the tower in this transient event occurred. It was right after its initiation and was characterised 
by large amplitude oscillations in the tower head FA and SS directions. The extreme cyclic 
ranges in both directions are remarkable. While the main wind direction parallel FA oscillation 


8 Subsection 3.5.3 explains, why this adjustment is appropriate and allowed according to the guidelines. 
? This is the result of the later following FLS analysis in subsection 9.6.2. 
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had a range of 0.59 m, the corresponding extreme tower head SS oscillation range amounted to 
1.29 m!®. This extreme load relevant DLC confirmed that in some cases sidewise tower loads 


are larger than main wind direction parallel loads. 
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Figure 9.7: ASE simulation results for different wind turbine sensors and DLC 2.1 at cout-out wind speed on average. 
The rotatable inclined lattice tower, based on the parameter set in Table 9.1, is used. 


10 Note that no PSFs are applied to these deflections. 
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9.3.4 Shut-Down with EOG (Mexican Hat) 
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Figure 9.8: ASE simulation results for different wind turbine sensors and DLC 2.2 at cout-out wind speed on average. 


The rotatable inclined lattice tower, based on the parameter set in Table 9.1, is used. 


The other extreme load relevant DLC is 4.2. In DLC 4.2, a normal WT shut-down is performed 
while the Mexican hat shaped wind speed change, called EOG, happens simultaneously. Fig- 
ure 9.8 shows its results for a mainly constant cut-out wind speed and the WT shut-down starts 
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9.4 Post Processing Loads 


6.3 s after the Mexican hat initiation. The critical aspect of this DLC is the wind speed drop at 
the beginning of the wind event where the WT drives the pitch to lower values, such as shown 
in the first two diagrams. The following rapid increase in the wind speed was faster than the 
pitch system was able to follow it. Therefore, the rotor thrust increased drastically, such as 
shown in the third diagram. Since the wind speed dropped very quick after the tip of the hat 
and thereby the rotor thrust, a large tower head oscillation range along the main wind direction 
was the consequence. Its range amounted to 1.145 m in this case. 


Note that the fist bending eigenfrequencies of the tower got hit by the 3p excitation frequencies 
during the WTs shut-down. The resonance, shown in the last diagram, started at a rotational 
speed of RotSpeed < 6 rpm, such as predicted by the Campbell diagram in Figure 9.2. The 
resonance time period was elongated through the decreased pitch rate, such as introduced in 
the previous subsection 9.3.3. However, start-up and shut-down ASE timeseries were included 
in the fatigue analysis where this effect was covered. 


9.3.5 Transport and Installation 


The transport and installation DLCs are not part of the ASE analyses. Transport of single 
lattice members was not expected to play a crucial role in terms of their loads. However, 
caution should be given to their storage in the workshop and on the transport trucks. For 
all cases, scratches on the surfaces of lattice members should be avoided to hinder lifetime 
reductions. Installation of the proposed lattice tower should be carried out according to state- 
of-the-art procedures. Thereby, settlement in the bolted joints requires attention regarding 
pre-loading losses. Moreover, an inclined lattice tower would show other settlement patterns 
than conventional ones. At this point, some more work is required to develop an appropriate 
installation procedure, but it was out of scope for this work. 


9.4 Post Processing Loads 


In the past, WT lattice structures have been analysed by using an equivalent stiffness and mass 
matrix beneath the RNA within the ASE simulation. Thereby, the extracted tower head loads 
have been applied to the full FEM structure in another software solution to obtain all necessary 
proofs. FAST and the in this work adjusted SubDyn module provided timeseries of all six 
load components at each joint of all members within the tower for all DLCs, random seeds, 
wind speeds, and wind directions. Therefore, usage of another FEM software was not more 
necessary. Instead all load timeseries had to be transformed into stress timeseries through 
consideration of the members geometry. In the following subsection 9.4.1, the influence of 
warping stresses is estimated and afterwards the considered stresses for this work are presented 
in subsection 9.4.2. 
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9.4.4 Warping Stresses 


Warping corresponds to out-of-plane deformations of a cross section due to torsional loading 
of a beam. Although these deformations are small, they can have a significant influence to the 
torsional behaviour of a beam [9, p. 362]. As indicated by subsection 8.2, the torsional stiffness 
of the modelled beams in the structure was conservatively downscaled. More safety was given 
by hindered warping, since it increases the torsional stiffness of beams, but it is associated 
with additional normal stresses. In this case normal stresses due to hindered warping occur 
especially at the connection of two cross sectional parts via filler plates and bolts. In this 
simplified consideration, the occurring closed cross sectional parts are assumed to be warp 
free, but not so for the open cross sectional sections along the assembled members. A rough 
calculation of expected normal stresses due to hindered warping in a leg and a bracing cross 
member should give clarity about its significance, especially for the later following fatigue 
analyses. In the first step, the exemplary calculation considered a leg cross section, which was 
assembled from two cross sections, such as shown in Figure 9.9. 


Cross Section 0 


Cross Section 2 


Cross Section 1 


Figure 9.9: Enumeration of cross sectional parts of the leg member 
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Table 9.4 summarizes the necessary cross sectional parameters!! for all three cross sections of 


the leg member at the bottom of the tower!?. 


Parameter Cross Section 0 | Cross Section 1 | Cross Section 2 
Warping Constant Joi 2.802e-4 m | 2.602e-4 mÓ | 4.968e-7 m° 
Torsional Constant 4, ; 7.101e-3 m^ | 7.357e-6 m^ | 2.733e-6 m* 
Maximum Sectorial Area wmax,i| 1.681e-1 m? | 1.283e-1m? | 2.151e-2m? 


Table 9.4: Warping stress relevant cross sectional parameters of a representative leg member. Calculated in DUENQ 
from Dlubal [58]. 


For more clarification, the assumed boundary conditions of a leg member section is indicated 
in Figure 9.10. Thereby, the almost warp free closed cross sectional sections along the leg were 
considered as warping stiff. 


warping 
stiff 


warping 
stiff 


Figure 9.10: Assumed warping boundary conditions for a representative cut in a leg cross section 


According to Cook and Young [30, p. 293], the torque M; of a cantilevered member, with 
restrained warping at its one end is the sum of the Saint-Venant torque M; sy and the Vlasov 


1! The warping constant Jwo,i is calculated with respect to the shear center. 

12 Note that Table 9.1 summarizes the parameters of the considered tower and the dimensions of the leg member at the 
bottom of the tower. However, a slight scaling of the main leg dimension Ly, was necessary to ensure enough strength 
in the following analyses. Therefore, the dimensions of the considered leg member are Lj, = 0.36 mx1.10 = 0.396 m, 
Lp = 90 mm, tp = 20 mm, wp = 1 mm, and t = 23 mm. 


197 


9 Structural Analysis of a Rotatable Inclined Lattice Tower 


torque M,,,. The first is associated with the cross sectional shear stresses and the second with 
restrained warping. Thus 


M, = M; sv + Mzgq =G lk, Mzaq (9.3) 


Cook and Young [30, p. 281] present the general solution for the twist rate «,(z) as a result 
of integration of the differential equation. It is given for arbitrary locations along the beam in 
Equation 9.4. 


M, 
Ky(z) = an + Ci sinh (k z) + Ca cosh (k z) (9.4) 
t 


C; and C; in Equation 9.4 are integration constants, which can be calculated with respect to 
the assumed boundary conditions. In the present case, boundary conditions were no warping 
at both ends of the beam, thus x;(z = 0) = 0 and x,(z = L) = 0. Using these conditions in 
Equation 9.4 delivers the twist rate as function of z according to 


(1 — cosh (k L)) 


M; 
= —— |1- cosh (k z) - inh (k 9.5 
kk) = G 1 | cosh (k z) an (k z) (9.5) 
I, i : 2. 13 
where k — and L = 10 m was the intentionally conservative ^ assumed length of 


the considered member. In this case, the warping constant Jœ and torsional constant /; were 
chosen to be the sum of the values of both open cross sections 1 and 2 in Figure 9.9, instead of 
the values of the closed cross section 0. For more clarification, this is likewise represented in 
Equation 9.6. 


I =h + h2 = 7.357e-6 m* + 2.733e-6 m^ = 1.010e-5m^ # ho 


: . / (9.6) 
Jo 245, + Jo = 2.602e—4 m + 4.968e—7 mî = 2.607e-4m # J,, 


As introduced, the previous Equation 9.5 led to x,(z = 0) = «(z = L) = 0 deg/m and by 
consideration of Equation 9.3 the Saint-Venant torque became M; sv(z = 0) = M.sv(z=L) = 
G I, 0 deg/m = 0 Nm and consequently M;(z = 0) = Mz,q(z = 0) = Mzq(z = L). 


Since the cross section 0 was assembled from two other cross sections 1 and 2, the torsional 
moments on cross section 0 were split-up according to Equation 9.7 from PCAE [147, p. 31]. 


"n 
Mz sv,i = I M;sv 
t 
9.7 
s (9.7) 
M; q.i = J Mzgq 
w 


13 Since the leg members were assembled from two cross sectional parts, which were connected to each other in 
distances of < 1 m << 10 m, the chosen length L accounts for the leg member, as if it would not be assembled 
over its whole length. The critical part with respect to normal stresses appears, where the two separated open cross 
sectional parts were connected through bolts and filler plates. 
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With Equation 9.7 and 9.3, the acting torsional moment on each cross section becomes 
M;i = Mz svi + M;.i (9.8) 
According to Cook and Young [30, p. 295], the normal stress under applied torsion on a beam 


with restrained warping for arbitrary points in the beam can be calculated by 


d kz(z) 
dz 


0,(x,y,2) =-E w(x, y) (9.9) 
On the cross sectional level, Equation 9.9 becomes maximal at maximum sectorial areas Wmax, 
such as listed in Table 9.4 for the given cross sectional parts. The derivative of the twist rate in 
Equation 9.5 with respect to z is 


dk(z) M;k sibi (1 — cosh (k L)) 
dz Gk V7 sinh (k L) 


cosh (k z) (9.10) 


Usage of the corresponding cross sectional part parameters and torsional loads M; ;, Jo,» 
and /,; and the common steel elasticity and shear moduli E = 210,000 N/mm? and G = 
80,769 N/mm? in Equations 9.10 and 9.9 provided insight into the significance of torsional 
induced warping for this work. A maximum global leg torsional moment of M; max yt Yn Ym = 
200 Nm x 1.35 x 1.00 x 1.10 = 297 Nm is extracted from the ASE analysis of DLC 2.1 for 
this consideration. This is one of the most relevant DLCs in terms of extreme loads, such as 
indicated in section 9.5. The results from this parameter set are presented in Figure 9.11. A 
division into the Saint-Venant and Vlasov torsional moment for the assembled and both single 
cross sections is shown at the top diagram. Thereby, the Vlasov part dominated at the clamped 
ends, but decreased with increasing z coordinate and simultaneously increasing Saint-Venant 
moment until the mid of the beam. From there, the values were mirrored, because of the same 
boundary conditions on both ends. Note that the global Vlasov torsional moment was almost 
completely taken by cross section 1. Moreover, maximal normal stresses within both cross 
sectional parts 1 and 2 are shown in the bottom diagram. Since the maximum occurring normal 
stress, induced by the extreme torsion on a leg member with hindered warping at one end was 
0.8 N/mm? > ozi > —0.8 N/ mm’, no extreme load significant influence could be observed 
for the leg members. 


For the bracing members, the same procedure as for the leg members was applied. Thereby, 
Table 9.5 shows the corresponding cross sectional parameters!>. Note that the bracing member 
consisted out of two equal hat profiles, so that cross section | and 2 were the same. 


1^ Note that the resistance PSFs are applied to the action side instead to the resisting side to get independence from the 
used material. 

15 Considered hat profile dimensions are Hi, = 90 mm x 1.10 = 99 mm, Hr = 70 mm, tp = 20 mm, Wp = 1 mm, and 
t=7mm. 
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Figure 9.11: Normal stresses due to restrained warping along a representative leg member at extreme torsional loading 


Parameter Cross Section 0 | Cross Section 1,2 
Warping Constant Joi 5.175e-8 m 9.650e—9 m 
Torsional Constant /, ; 1.259e-5 m^ 4.770e-8 m^ 
Maximum Sectorial Area wmax,i || 3.810e—3 m? 4.326e-3 m? 


Table 9.5: Warping stress relevant cross sectional parameters of a representative bracing member. Calculated in 
DUENQ from Dlubal [58]. 


Application of the same member length and boundary conditions together with a maximum 
evaluated bracing torsional moment of M; max yt Yn Ym = 3.02 Nm x 1.35 x 1.00 x 1.10 = 
4.48 Nm led to the analogous results in Figure 9.12. In this case, Saint-Venant torsional 
moments superseded the Vlasov torsional moments over a wide beam section. Furthermore, 
normal stresses caused by hindered warping were still in a low range of 0.8 N/mm? > o;,; > 
-0.8 N/mm?. Therefore, warping was likewise not further considered for the extreme load 


conditions of bracing members. 


Since fatigue depends on stress cycle ranges and the previous calculated stress levels show no 
potential for significant stress ranges, normal stresses caused by hindered warping was likewise 
not considered in the fatigue limit state analysis for all tower members. 
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Figure 9.12: Normal stresses due to restrained warping along a representative bracing member at extreme torsional 
loading 


9.4.2 Considered Stresses 


As one simplifying step, only normal stresses through axial forces and bending moments 
were calculated. This convenient step was appropriate, because shear stresses and normal 
stresses caused by hindered warping were found to be insignificant for the necessary member 
dimensions. Such a shortcut is common for lattice structures. Normal stresses ON,m,j,s Were 
found to be 


Fz,m,j Mx,m,j My mj 
ON,m,j,s = s 


——À Sy,m,j,s + — —— $x,m,j 
y.m,J,s X,m,J,s 
Am Lus m (9.11) 


Vm € {1,.. nm}; j € (L2) ;s € {1,...,ns(m)} 


where F7, Mx, My are the normal force and bending moments around local member x- and 
y-axes. nm and ns(m) are the amount of members and amount of considered stress spots on the 
member cross section. The coordinates of a stress spot were given by sx and sy, respectively. All 
considered stress spots for the leg and bracing member cross sections are shown in Figure 9.13. 
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Figure 9.13: Spots, where normal stresses will be calculated for the leg (left) and bracing (right) cross sections 


Counter j was used for the both member joints for each member!®. Moreover, Equation 9.11 
represents a point in time, thus it had to be evaluated for each time step in all timeseries. Cross 
sectional properties were calculated automatically by means of the already discretized cross 
sections according to 


Nel 
Am = > Ael,m,i 
i=1 
Nel 
2 
lm = 2; Ael,m,i Ye,m,i (9.12) 
i=1 
Nel 


2 
Iy,m = 2; Ael. m,i Xc mi 
i=] 


In Equation 9.12, Agim,i is the area of cross sectional element i of member m and X¢,m,; and 
Yc,m,i are its geometrical center point coordinates. 


9.4.3 Buckling Analysis 


Since previous stability analyses of lattice towers with larger leg distances!’ showed that 
failures occur especially for local members instead for the global tower, only single members 
were investigated. According to DIN EN 1993-1-1 [42, 6.3.2.1(2)], lateral torsional buckling 
is not relevant for the following cross sections 


* rectangular or circular hollow 


* welded tubular 


16 Note that thereby only loads at the beginning and the end of one member were considered. This convenience is 
appropriate because the members were assumed to have no line loads on them. 

17 In the beginning of this work, the lattice tower stability was analysed within a parallel FEM model in RFEMs [57] 
module RF-Stabil [55]. Thereby, only local stability failure occurred for the considered tower dimensions. Global 
stability failure happened, when the leg distances became very small, so that the tower itself had a high slenderness. 


202 


9.5 Ultimate Limit State Analysis 


* box 


Since allleg and bracing cross sections were assembled cross sections, which have the minimum 
filler plate distance of 15 imin'®, they could be seen as one cross section in stability analyses. 
By that they built a box like shape, wherefore lateral torsional buckling should not become 
relevant according to the previous list. The applied analyses in this work took place according 
to an equivalent member method, such as suggested in the first part of the buckling analysis 
paragraph in subsection 2.2.5. This means that only buckling of single members subject to 
normal forces was considered. For the equivalent leg and bracing members, the system length 
between two joints was the buckling length Ler and the buckling curve b!? was chosen for all 
members and all bending axes. The choice of the buckling curve was based on the assumption 
that the cross sections were like hot manufactured hollow boxes. Although this would lead to 
a higher buckling curve a, the more conservative one b was used. 


This approach was a very fundamental and rough way to get a first guess for the stability of 
the structure, since the proof was carried out for all members of all time steps in all computed 
timeseries. Procedures, such as full FEM analyses with introduced imperfections can bring 
more accurate results. For example they account for the influence of additional bending 
moments and their interaction with the axial loads or they can model the members with their 
assembled and discontinuous cross section more precisely, but for the scope of this work the 
standard hand calculation was chosen to be sufficient. 


9.5 Ultimate Limit State Analysis 


In this section, three different parts are considered for the ULS of the RILT and the performed 
ASE simulation. In the first subsection 9.5.1, the influence of tower aerodynamics on the 
member loads is predicted, the second subsection 9.5.2 presents the resulting extreme load uti- 
lization forthe RILT with 87.6 m tower height according to case C3, and the last subsection 9.8.2 
analyses the occurring blade tip to tower clearances. 


9.5.1 Tower Aerodynamic Induced Loads 


Since SubDyn has no capability to account for aerodynamic tower loads, they were not included 
in the ASE load analyses. Therefore, this subsection shows an estimation for loads due to 
aerodynamic drag on the tower itself. The general procedure how aerodynamic lattice tower 
loads are calculated with respect to the Eurocode 3 standard, are summarized in subsection 2.7.6. 
For this investigation, the tower defined in Table 9.1 was used and analytically analysed for 
two wind situations. Situation (1) corresponded to a 50 year extreme wind speed of 50 m/s 
according to DLC 6.2 with a load PSF of y; = 1.1 and power law exponent of a = 0.11. In the 
second situation (2), an arbitrary DLC at cut-out wind speed of 25 m/s was considered with 


18 This aspect was explained in subsection 7.1.3. 
1? This corresponds to an imperfection coefficient of a = 0.34 in Equation 2.33. 
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yr = 1.35 and a = 0.2. In both wind situations, two different wind directions were investigated: 
(a) frontal and (b) diagonal with respect to the square tower cross section. In this investigation, 
the tower was seen as being vertical, but with an artificial increased height HT sero, namely 


H 
Hy sero = ———. = 884m (9.13) 
f cos (arr) 


The conservative tower height scaling in Equation 9.13 is applied to both wind directions. The 
wind force on a lattice structure is defined by Equation 2.52 where the structural coefficient 
became cscg = 1, because wind gusts and major structural dynamic effects were already 
represented in the ASE analyses. The force coefficient cr required two other values, namely 
the basic force coefficient cr,o and the reduction factor Wa. cr,o could be extracted from the 
bottom diagrams in Figure 2.22 for the present situations. The required Reynolds number was 
calculated with respect to the NWP, and a kinematic viscosity of v = 13.3e-6 m? /s? for air. 
Appendix 14.21 shows the calculated Reynolds numbers for the RILT, which were in the region 
of 4.6e4 < Re < 2.3e5 for all lattice tower members and considered wind speeds. The tower 
wall area could be calculated according to Equation 9.14 


SUM 


Ag. front =HT,aero (ar + 2 


(9.14) 
Ac. diag — Á..tront v2 


where the index front and giag correspond to the considered different wind directions (a) and (b), 
respectively. Analogously, the reference area for both situations is calculated as 


Nseg Nseg 
= = 2 2 2 
Aref front =SFa > Atef front, i = SFa p 2 b p.i hi; -2 bB,p,i y h; +a; — bg pi 9.15 
i=l i=1 ( . ) 
ref, diag = Aet. front V2 


where SF, = 1.1 is a scaling factor to account for additional tower attachments, such as a 
ladder, cables, and gusset plates. bj ,,,; and bg,p,; in Equation 9.15 are the projected widths in 
air flow direction of the leg and bracing members of segment i. These projected widths are 


calculated as 
bi pi =2 Lui 


bg,p.i = (Hi; +2 He) + H2, (9.16) 
Vi € (L.., Nsg} 


where all member dimensions are linear interpolated between their tower top and bottom values 
in Table 9.1. Due to the following utilization study, some member dimensions had manually 


20 This value was taken from Kuchling [127, p. 622] and an air temperature of 20 °C. 
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been adjusted to slightly larger or smaller values. All exact used member parameters are 
documented in Appendix 14.22. Using Equations 9.14 and 9.15 in Equation 2.54 delivers 


Aref, front 178.26 m? 


RUE = = 0.36 
FE p nan 499.47 m? 


Aref diag 188.80 m? 
jag = - = ——, =0.27 
Paias AC diag 706.35 m? 


(9.17) 


These member densities together with the evaluated Reynolds number range was used to extract 
Cf,0,front = 1.65 and Cf,0,diag = 1.95 from the bottom diagrams in Figure 2.22. The slenderness 
of the structure was calculated with respect to Equation 2.56 by 


Ay aero 
Af = min j 1.4 ——~——_.,,70 = 21. 
front min | (an S 2) 72’ 0) 90 
H (9.18) 
Adiag = min 41.4— 9.704 = 15.49 
(ag + ar) / V2 


and was used together with the corresponding member density to read the reduction factors 
Wa,front = Ya,diag = 0.94 out of Figure 2.23. By collecting all these factors, one can calculate 
the shear forces at each tower segment by 


Qa 
Zi 
Fy, front,i =Cf front Vu E Aref froni 
H 
d (9.19) 
l 
Fw,diag,i =Cf, diag Va E Aref,diag,i 
H 


where z; was conservatively assumed to be the altitude of the top of segment i. The resulting 
shear forces are accumulated by 


Nseg 
Face front,i = 2; Fw. front, j (9.20) 


Fi 

to get the accumulated shear force distribution at the first row diagrams in Figure 9.14. The sec- 

ond row represents the corresponding bending moments, which can be calculated by numerical 

integration of the accumulated shear force distribution along the tower with Equation 9.21. 
Nsg-l 


My, tront,i = 3 Fee front, j+1 (zj+1 - zj) (9.21) 
J-i 
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The more interesting findings are the utilizations, which were calculated out of the axial normal 
forces within the leg and bracing members. In analogy to Petersen [149, p. 895], the legs were 


considered to take the global tower bending moments according to 


My, front,i 

NL front,i EE er 
2 di 

Mw, diag,i 

dlag,r 

NL ‚diag,i = 
v2 di 


The bracing members were considered to take the shear forces according to 


Facc,front,i 


NB front,i =£ ——— ——À 
e 4 cos (ag + ar) 
Face,diag,i 


NB,diag,i = = —————————— — 
4N2 COS (ag = att) 


Thereby, the utilizations in terms of yield strength and buckling follow from 


Ai fy 
Yt Yn Ym Noiag,i 
Ai fy 
YE Yn Ym Mtront,i 
Aj X front " 
Yt Yn Ym Naiag,i 
Aj Xdiag Jy 


a — yield strength : 


b — yield strength : 


a — buckling : 


b — buckling : 


(9.22) 


(9.23) 


(9.24) 


where the normal forces Ngront,; and Naiag,; and cross sectional areas A; correspond to the leg 


or bracing member loads and cross sections for segment i. 


The results for both situations (1) and (2), both considered wind directions (a) and (b), and 
for the leg and bracing members along the tower height are summarized in the bottom four 
diagrams in Figure 9.14 in terms of their yield strength and buckling utilization. In general, 
utilizations for all members were larger in the extreme wind situation (1), than in the cut-out 


wind speed situation (2). 
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Figure 9.14: Aerodynamic loads and corresponding lattice tower member material utilization for two different situa- 
tions: (1) Extreme wind speed and (2) cut-out wind speed 
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Furthermore, the buckling utilization was always larger than for the yield strength. This is 
reasonable, because y is « 1 for all members, such as shown in Appendix 14.22. Another 
observation is that leg utilizations were larger in case (b) and bracing member utilizations were 
larger in case (a). The first results from the fact, that only two legs were activated to carry 
the diagonal tower loading and the second observation is because only two tower walls were 
activated to carry loads in the case of frontal tower wind attack. Moreover, utilizations rose 
at lower tower stations as consequence of increasing loads, such as shown in the first four 
diagrams in Figure 9.14. Note that utilizations were not continuous because of their individual 
dimension adjustments, mentioned earlier in this subsection. There was a special downfall of the 
utilizations for the bottom segment because of the relative increase of its member dimensions. 


The extreme leg utilizations occurred at the second segment and were 22.12 % and 6.32 % 
in case (b) of situation (1) and (2). Bracing extreme utilizations in case (a) were 8.49 9o and 
2.35 % for (1) and (2), respectively. For the ASE analysis results, these conservative analytical 
evaluations were used additionally to account for wind drag on the RILT. 


9.5.2 Extreme Load Utilization 


Since the conversion of « 470 GB of load timeseries to stress timeseries for several spots on 
the member joint cross sections produces another ~ 516 GB, not every single result could 
be presented in this work. Therefore, only the most important results were summarized in 
utilization diagrams. Yield strength utilizations were calculated by means of the normal 
stresses, explained in subsection 9.4.2. The utilization at a certain member joint j of a cross 
sectional spot s of member rn at time step f; is according to Equation 2.29 calculated as 


i Hh ; On mist =t 
utilization : Fr Im ^k , Yt Yn Ym ON,m,j,s(t = ti) 
hy hy 


The buckling utilization was evaluated analogously to Equation 9.24. Note that these utilizations 
were calculated for all DLCs, wind speeds, wind directions, and random seeds. The considered 
lattice tower parameters are listed in Table 9.1 and the exact member parameters are documented 
in Appendix 14.22. Figure 9.15 summarizes the extreme utilizations of all members over all 
DLCSs and thereby over all ASE timeseries. The utilizations contain likewise the previous 
evaluated member utilizations, caused by the wind drag on the tower. Wind drag utilizations 
were added to the ASE utilizations by usage of the DLC dependent load PSF y; and by 
application of the largest utilization of either case (a) or (b) for each member. This conservative 
step means that even though a certain DLC accounts only for frontal wind, a theoretical diagonal 
wind attack was applied to the tower if it caused higher utilizations. Furthermore, only two 
wind speeds at hub height and their following wind distributions were used for the additional 
wind drag on the tower: 25 m/s for all DLCs 1.x, 2.x, 3.x, 4.x, and 5.x and 50 m/s for all DLCs 
6.x and 7.x. 


(9.25) 
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Figure 9.15: Member yield strength and buckling utilizations over all DLCs of the 87.6 m high RILT 


DLC | Leg Max. | Leg Mean | Leg Max. | Leg Mean | Brace Max. | Brace Mean | Brace Max. | Brace Mean 
YS-Util. | YS-Util. | BU-Util. | BU-Util. | YS-Util. YS-Util. BU-Util. BU-Util. 

1.1 84.0 68.4 80.9 35.9 45.2 36.0 35.7 27.2 
1.3 91.2 75.1 88.0 39.4 48.7 41.2 42.3 33.0 
1.4 85.5 75:1 80.6 39.5 53.3 43.6 42.1 35.3 
1.5 80.8 62.6 77.7 31.9 44.5 37.3 36.4 28.6 
2.1 96.8 73.0 92.7 46.7 95.2 76.8 82.1 63.0 
23 86.0 68.8 76.1 43.5 33.1 19.6 27.3 11.5 
3.1 74.4 56.9 71.6 30.5 24.4 17.0 19.0 8.4 

3.2 35:2 57.6 72:5 30.9 26.3 17.7 20.6 9.1 

3.3 71.4 52.5 69.7 31.0 30.1 22.1 22.7 12.9 
4.1 74.9 57.0 72.1 30.5 26.7 17.2 20.6 8.3 

4.2 96.7 779 88.2 48.9 33.9 22.1 28.1 12.7 
5.1 81.3 64.4 79.7 36.8 44.3 33.0 36.8 23.0 
6.1 81.9 67.0 79.4 45.9 49.9 342 43.3 23.6 
6.2 91.8 64.6 90.9 47.1 79.6 65.7 74.5 54.9 
6.3 72.1 59.2 69.8 40.6 39.2 25.9 34.8 16.6 
6.4 63.4 48.8 58.8 33.4 34.5 25.2 30.7 16.3 
7.1 77.0 63.8 74.3 34.6 27.3 20.9 23.6 12.6 

Table 9.6: Leg and bracing member maximum and mean utilizations in terms of yield strength and buckling, given in 


percentage values. The maximum and minimum values over all DLCs are marked by means of bolt numbers. 


The results in Figure 9.15 are divided in four different diagrams. The top left diagram shows 
the yield strength utilizations of the leg members along all tower segments and on the right 
the corresponding buckling utilizations are documented. Analogously, the bottom left diagram 


209 


9 Structural Analysis of a Rotatable Inclined Lattice Tower 


shows the bracing member yield strength utilizations along the tower segments and on the 
bottom right, bracing member buckling utilizations are depicted. Note that bracing members 
are distinguished with respect to their global coordinate system position. Legend entries -Y, 
+X, +Y, and -X indicate the respective bracing wall of the tower, according to the left drawing 
in Figure 9.4 or in Figure 14.6. Two examples should help for more clarification: Bracing 
members, denoted with +X were those members along the tower height, which were positioned 
on the downwind side of the tower. Bracing members, denoted with -Y were those, which could 
directly be seen on the left side in Figure 14.67!. 


Figure 9.15 reveals, that buckling was not as relevant as the yield strength for the member 
dimensions. Note that the column buckling proof considered only axial forces, but the yield 
strength proof considered bending moments and axial forces. Since, the scope of this work was 
not to optimize the tower automatically, it was optimized manually by dimension scaling factors 
for each segments members. For this approach, each segment got three scaling factors, one for 
the upwind legs, one for the downwind legs, and one for the bracing members? Thereby, a 
maximum utilization of 96.8 9o was reached for the leg 2 of the top and bottom segment, but 
a mean yield strength utilization of 83.3 % suggests still some more optimization potential for 
the legs. A closer view on the top left diagram in Figure 9.15 shows that leg 2 and 4 experience 
a higher utilization than leg 1 and 3. Considering only leg 2 and 4, the average utilization 
amounts to 87.6 %, which is a good utilization for the preliminary study and limited amount 
of design parameters. However, scaling of each leg dimensions, more optimization iterations, 
and a less conservative tower wind drag approach would certainly improve the utilization and 
thereby lead to further material savings. A view on the leg buckling utilization in the top right 
diagram indicates that the front legs 1 and 4 were always under tension at the top tower sections, 
while the back legs 2 and 3 experience a reasonable column buckling utilization around 80 % 
along the whole tower. Since self-weight induced pressure was higher at all legs of the tower 
bottom, the buckling utilization of the front legs reached the same level as the back legs at that 
section. Bracing members experienced an average yield strength utilization of 78.3 9o, while 
the front bracing members on the -X side had the lowest and the back bracing members on the 
+X side had the highest utilizations. Bracing members obtain still material saving potential. 
Appendix 14.23 shows the corresponding utilizations of all individual DLCs. Thereby, only 
the maximum utilizations over all of their different wind speeds, wind directions, and random 
seeds are depicted. A corresponding summary of the utilizations of the different DLCs is 
given in Table 9.6. It shows the maximum and mean of the leg and bracing member yield 
strength (YS) and buckling (BU) utilizations. As mentioned in subsection 9.3.3, DLC 2.1 and 
4.2 were the driving DLCs, even though adjustments in the control regimes in fault situations 


were implemented to decrease their influence? 


?! Note the global coordinate system at the bottom of the tower. It indicates, that the global Y axis points into the 
paper, so that the visible bracing members are the ones, denoted with -Y. 

22 A review of Appendix 14.22 shows the results of the different scaled member dimensions 

23 Subsection 9.3.3 explains more about these adjustments, which aimed to the blades pitch rates in fault situations. 
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9.6 Fatigue Limit State Analysis 


In this section, the first subsection 9.6.1 explains more about the fatigue analyses procedure 
and the underlying assumptions. In the second subsection 9.6.2, the calculated tower member 
lifetime damages are presented and in the last subsection 9.6.3, inspection intervals for the 
RILT members are derived. 


9.6.1 Explaining the Procedure 


The fatigue analysis was performed according to the description in subsection 2.2.6 and ac- 
cording to the equations in the manual of the NREL fatigue assessment tool, called MLife [94]. 
The equations were reimplemented into a python script to gain more control over the different 
steps within the analysis, rather than just using the existing tool itself. However, the following 
brief example clarifies the the general fatigue analysis procedure. 


If bolted joints are designed as slip resistant connections, the members can be checked in terms 
of their base material fatigue class [62, p. 95]. This led to the highest fatigue class B1 with 
respect to Figure 2.5 for all considered members in the RILT. The corresponding S-N curve 
on the resistance side was modelled by Equation 2.43 where the theoretical load ranges at the 
intersection between the curve and the log (S) axis are 


1 
= (Nev,pi)! SpL,Bı = = 
Sp = 2 1 2 
1 Fone 1 
2 


ren 


1 N 


1 
" N 
(107)4 106.97 x 10° — = 3008 x 10° — 
m 
1 
5 


m? 
N 
m? 


for 104 < n(S) < 107 


for n(S)» 107 

(9.26) 
NrL,Bı = 107 and SrL,Bı = 106.97 x 10° N /m? are the fatigue limit lifetime cycles and its 
corresponding stress range for detail class Bl. In Equation 9.26, two different theoretical 
log (S) axis intersections are calculated. One results from a S-N curve with higher slope for the 
finite life fatigue strength of load ranges S with life time cycles 10^ « n « 107 and the other 
corresponds to the fatigue limit S-N curve with lower slope and > 10’ cycles. The inverse 
slopes of these two regions are denoted as mı = 4 and m» = 5. It was assumed that low cycle 
fatigue with < 104 cycles are treated as being part of the mid-term finite life fatigue strength 
region of 10^ « n « 107. Thus, the S-N curve with inverse slope m was linear extrapolated to 
fewer cycles, such as recommended by DNV GL [62, p. 176]. 


= (Nr. B1) "2. Sp B1 = 


N 
7 6 = 6 
2 (107) 5 106.97 x 10 z = 1343 x 10 


Figure 9.16 shows the exemplary stress range collective of the leg 1 member of the bottom 
segment in the 87.6 m high RILT. One leg member had two joints and 8 spots on each of 
their two cross sections where stresses were calculated. Figure 9.16 shows the results of spot 
sı at joint 1 of this member. Note that the depicted stress range cycles were already scaled 
to lifetime cycles of a class P^ WT with 20 years assumed lifetime. The scaling took place 


24 This is an average wind speed of Vave = 10 m/s. Furthermore, the wind speed was assumed to be Rayleigh distributed 
with shape factor k = 2. 
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according to subsection 2.2.6 and each cycle stress range was Goodman corrected with respect 
to Equation 2.44. 
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Figure 9.16: Stress range spectrum of stress calculation spot s; for leg 1 at the bottom segment of the C3 RILT with 
87.6 m tower hight 


With such stress range collectives for all tower members and their stress calculation spots and 
the numerical evaluation of Equation 2.40, one could calculate the lifetime damage sum at all 
designated positions in the tower. 


9.6.2 Fatigue Utilizations of the C3 RILT 


The assumed WT availability drives the influence of parking DLC 6.4 with respect to the 
normal operation DLC 1.2. In this work, an availability of 98 9o was assumed, so that the 
WT was assumed to be parked at 2 % of its lifetime. Both DLCs influence to fatigue were 
scaled with respect to their occurring time period over the WTs lifetime and according to the 
wind speed probability distribution??. Transient start-up and shut-down events were included 
as proposed by the DIBt-standard [152]. The DLCs 3.1 and 4.1 required a simulation of the 
start-up and shut-down events with a NWP and cut-in, rated, and cut-out wind speeds. The 
DIBt-standard [152, p. 18] assumes that WT start-ups happen 1000 times at cut-in wind speed, 
50 times at rated wind speed and 50 times at cut-out wind speed per year. For WT shut-downs, 
the same occurring numbers per year and wind speed are proposed. 


25 The connection between fatigue and the wind speed probability distribution was treated in subsection 2.2.6. 
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Figure 9.17: Lifetime damage of the leg and bracing members in the C3 RILT with 87.6 m tower hight 


Since tower drag wind loads were not included in the ASE analysis, all load ranges had to be 
scaled up. The right side in Figure 9.14 shows the maximum occurring leg and bracing member 
utilizations under cut-out wind speed. A back translating of 6 % leg utilization corresponds to 
a maximum stress range of 


10.06 Xx fy | 10.06 x 355 x 10° N/m? baie 
. 08 9.27 
2yrym Yu 2 135x1.10x 1.00 N 


due to tower wind drag. Therefore, 7.17 x 10° N/m? was added to the stress ranges of 
all timeseries of all members to account conservatively for wind pressure on the tower?. 
Furthermore, a design fatigue factor of DFF = 2.0 was assumed, because all members were 
located in normal air? and were accessible for inspection and repair of initial fatigue and coating 
damages. The inner member accessibility was achieved through little holes in the joint region 
of members, such as shown at the bottom of the left picture in Figure 2.18. Since joint steel 
sheets strengthened the cross sections in the joint region, small holes caused not any strength 
problems. An endoscope camera can be used for visible inspections inside the structural 


member of interest. An inspection plan for the tower is set up in the next subsection 9.6.3. 


26 This very conservative approach may be refined by using calculated stress ranges, which are evaluated for the actual 
occurring wind speed in the single timeseries, rather than assuming cut-out wind speed for tower drag induced 
member loads for all members and timeseries. Moreover, assuming not the utilization of the member with the 
highest utilization for all members, but the utilization of each single member for each member increases the accuracy 
further. 

27 Offshore WTs may be exposed to salty air and water, whereby higher design fatigue factors are necessary. 
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Under the conditions, described in subsection 9.6.1 and this subsection, Figure 9.17 shows the 
maximum lifetime damages for the 87.6 m high C3 RILT. Since all lifetime damages were 
below 1?5, the WT could sustain a 20 year operation. In case of the leg members, the maximum 
lifetime damage of D = DFF D, = 0.86 occurred in the leg 4 of segment 2. Only tower bottom 
leg members up to the fourth segment experienced a significant lifetime damage of » 0.5. AII 
other leg and bracing members experienced lower lifetime damages. A comparison with the 
extreme utilizations in Figure 9.15 reveals that fatigue was not the driving factor for this WT 
and tower configuration. 


9.6.3 Periodical Inspection of the C3 RILT 


DNV GL provides guidance notes to the required periodical inspection intervals Tpy as function 
of the chosen design fatigue factor and the calculated lifetime of a component [63, p. 131]. In 
Equation 9.28 it is adjusted with respect to 


DFF | Tx DFF 


—— = —— 9.28 
3 Dc,m,j,s 3 ( ) 


TpIL m, j,s = TL m, j,s 


where 7, m,j,s is the calculated lifetime of a stress calculation spot s on the cross section in joint 
j of member m and De,m,j,s is its corresponding characteristic lifetime damage. For the leg 
4 member of tower segment 2, which experienced the most damage over lifetime, a minimum 
inspection interval of 


Tp, DFF _ 20 years 2 
043 3 . 043 3 


TpIL min = = 30.94 years (9.29) 


showed that no fatigue related inspections of the RILT were necessary throughout the design 
lifetime of the WT. 


9.7 Accidental Limit State Analysis 


Although dropped objects, collision impact, fire, or explosion are accidental cases which may 
happen to the RILT, they were not analysed in this work to limit its scope. However, for a full 
assessment, these aspects have to be taken into account. 


28 Thus, they met the requirement in Equation 2.39 
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9.8 Serviceability Limit State Analysis 


This section shows, how the serviceability limit state is hold for the given RILT. The first 
subsection 9.8.1 refers to the natural frequency requirements and the second subsection 9.8.2 
to the blade tip to tower clearances. 


9.8.1 Natural Frequency Requirements 


The Campbell diagram in Figure 9.2 shows, that the requirement in Equation 2.45 is hold for 
the relevant 1p and 3p excitation frequencies, which were below and above the first FA and SS 
tower bending eigenfrequencies, respectively. 


9.8.2 Blade Tip to Tower Clearance 
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Figure 9.18: Blade tip to tower clearances in percentage of the unloaded state for the C3 RILT with 87.6 m tower hight 


Figure 9.18 shows the calculated minimum occurring blade to tower clearances for the C3 RILT 
with 87.6 m tower hight. Since all clearances were > 30 % of the unloaded state, no additional 
deflection measurements were necessary for the blades throughout their manufacturing’. DLCs 
6.x and 7.x were not depicted in Figure 9.18 because no blades pass the tower while WT parking, 
where one of the three blades pointing vertically upwards. Note that all DLC dependent PSFs 
were applied to the clearances, whereby DLC 1.1 experiences the lowest clearance from all 
DLCs. It amounted to 35.7 %. 


29 A review of subsection 2.2.8 indicates the relation between the minimum allowed blade tip to tower clearance and 
the manufacturing of the blades. 
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10.1 Savings through the Material 


The material usage of WT towers is the major influence factor for their costs and caused 
CO -emissions throughout the manufacturing. Since cost calculations involve many more 
uncertainties compared to mass calculations, a comparison of different tower concept masses 
was used as one indicator for the potential of a concept. In the first subsection 10.1.1, tower 
masses of the previously analysed RILT concept are presented and the second subsection 10.1.2 
compares the RILT to other tower concepts in terms of their masses, mass related CO2- 
emissions, and mass related costs. 


10.1.1 Material Usage of Rotatable Inclined Lattice Towers 


Parameter | Value | Unit || Parameter | Value | Unit | Parameter | Value | Unit 
Hr 1476| m Neeg 24 | - Psteel 8500 |kg/m? 
5 355 | N/mm? dp 20.0| m bg 20.0 m 
aT 8.0 m br 5.0 m Li. 310 mm 
Ly 280 mm Lg 90 mm Hi. 78 mm 
Hy 190 mm Hr 70 | mm QTI -9.534| deg 
tp 20 mm Wp 1 mm 


Table 10.1: Rotatable inclined lattice tower design parameter set for a tower height of 147.6 m 


The previous chapter 9 presented the ASE analysis and the assessment of a 87.6 m high RILT, 
which was mainly defined through the parameters in Table 9.1 and Appendix 14.22. SubDyn 
calculated the RILT overall mass to 207.403 t where an artificial high material density of 
8500 kg/m? was assumed. This is a common! steel density for ASE simulations to account 
for the additional weight of bolts, filler plates, paintings, cables, a lift cage, and other structural 


! Other studies, such as from Jonkman [109] used the same steel density in their ASE simulations of conventional 
tubular steel towers. Although a conventional tubular steel tower does not have so many bolts and filler plates as 
lattice towers, they have heavy flanges, and platforms inside the tower, wherefore the same overall tower material 
density for lattice towers is justified. 
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attachments, such as already mentioned in subsection 9.1. Another tower mass related aspect is 
the intersection of members at joints in the finite-element SubDyn model, but this was assumed 
to be a compensation for additional joint sheets to attach the bracing to the leg members. 


The RILT was developed for a height of 87.6 m, but at least one other RILT height was necessary 
to calculate the relation between the tower height and mass. Therefore, another ASE simulation 
for a 147.6 m high tower with « 150 m hub height was carried out in the same way as for 
the lower one. The fundamental parameters of that higher tower are listed in Table 10.1 and 
the more detailed member parameters are listed in Appendix 14.24. The analogous tower drag 
loads and corresponding utilizations are depicted in Appendix 14.25, followed by the different 
utilizations of the ULS DLCs and by all member lifetime damages from the FLS. Its overall 
mass was 357.403 t with Pstee = 8500 kg/m?. 


10.1.2 Comparison of the Material Usage 


Insight into tower masses of conventional tower concepts is given in Figure 4.7 for a 3 MW 
WT. One of the most suitable references for tower comparisons is the study from Engstróm et 
al. [68], especially because it was carried out for the 5 MW NREL reference WT and a scaled 
3 MW version of it. In both cases, an IB WT class was assumed?. The 5 MW WT version had 
likewise been used in this work, but the database in [68] is larger for the 3 MW version. In 
this work, the 5 MW was more relevant and the study [68] provides data for a welded tubular 
steel, friction joint tubular steel, slip formed concrete, and a hybrid concrete/steel tower in 
that power class. Additional data for concepts, such as the normal lattice, wooden, and the 
guyed tubular steel tower are only available for the 3 MW version. Since these concepts were 
likewise interesting in the comparison, a scaling factor had to be found to scale the calculated 
tower masses of the 3 MW towers to a 5 MW version. Figersh, Hand, and Laxson [73, p. 20] 
proposed to scale the tower masses with respect to the swept rotor area and with respect to the 
tower height between power classes. Here, only the rotor swept area is used because tower 
heights remained constant for each data point. The rotor area was a good choice, because the 
rotor thrust scales linear with it, thus a tower mass scaling factor 


R2 632 2 
S Fim = EM 2 IT = 1.588 (10.1) 
Riot 3MW 50° m 


was used to up-scale the tower masses of the 3 MW WT to the 5 MW one in cases where no 5 MW 
tower mass data was available. Note that possible excitation and structural eigenfrequency 
intersections in the operational rotational speed range of these up-scaled WTs were not checked 
for. If such resonance causing intersections would happen, one of the solutions presented 
in subsection 5.2.5 could be applied. Since this work identifies the material and cost saving 
potential for the RILT compared to other concepts, neglecting further investigations in this 
direction is an assumption on the safe side. 


2 Such as for the RILTs in this work. 
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Figure 10.1: Mass, caused CO»-emission, and cost comparison of different tower concepts with the rotatable inclined 
lattice tower under transport constraints 
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The top diagram in Figure 10.1 shows the mass data of the Engstróm et al. study [68] together 
with its up-scaled values for the normal lattice and wooden towers along rising hub heights. 
Furthermore, the own optimized tubular steel tower under land-based transport constraints 
as case C2 of subsection 5.2.5 was entered together with the rotatable elliptical shell tower 
C3,wl, presented in the same subsection. Finally, the mass of the RILT is shown with its 
two available data points and a curve fit?. Note that all presented towers met the transport 
constraints, presented in subsection 2.5 along all hub heights. A first result was that concrete 
using concepts, such as the slip formed concrete and hybrid were the heaviest concepts, followed 
by the wooden tower. At a hub height of zy = 175 m the slip formed concrete tower reached an 
enormous mass of 3,228 t and the hybrid concept at the same height reached 2,629 t. According 
to the large diagram scale, pure steel using concepts were relatively close to each other in terms 
of material usage, but as already investigated in subsection 5.2.5, the elliptical tower required 
less material than the conventional tubular steel concepts along all hub heights. At larger hub 
heights of > 95 m, the non-rotatable lattice tower required less material than the conventional 
tubular ones, and at zy » 135 m it required even less material than the rotatable elliptical 
tower. The tower concept with the least material mass over all hub heights was the RILT. At 
low hub heights of 80 m it had with 183 t nearly the same mass as the corresponding rotatable 
elliptical tower with 186 t. More material was saved at larger hub heights since its mass at 
zu = 150 m was only 61 % of the non-rotatable lattice tower, which had the lowest mass of all 
other concepts at that hub height. 


The mass related CO2-emissions were estimated by linear scaling factors for the different mate- 
rials. Thereby, factors of 0.13 kgco, Josie 2.8 kgco; /Kgsteai [148], and 0.0 kgco, /Kgwooa 
were assumed. In these values, no CO2-emissions, caused by the transport, assembly, disman- 
tling, and disposal after lifetime of the towers were considered. Note that the CO -emissions in 
Figure 4.7 had apparently calculated with other scaling factors for concrete and their reference 
was not traceable. In this consideration, conventional tubular steel towers caused the most 
CO»-emissions and concrete using towers together with the RILT the least. 


In the third diagram in Figure 10.1, mass related costs of the different tower concepts are 
shown. The cost evaluation took place by linear scaling factors according to the Engstróm et al. 
reference [68]. Scaling factors are 2.3 € /kgibutar steel, 2.3 € / Kgiattice steel, and 1.2 €/Kgywooa [68]. 
Note that the values were not pure material costs, but tower costs, which involved material, 
labour, plates, flanges, bolts, nuts, and painting costs [68, p. 14]. Steel material prices fluctuated 
between ~ 525 $/trotted steel to ~ 700 $/trotted sie in year 2010 where the study [68] was 
made and between ~ 660 $/trotted steel to & 935 $/trolled ste in year 2018?. Since WT tower 
mass to cost scaling factors were not differentiated with respect to their influencing aspects 
in the study [68], the scaling factors were taken over for this work without adjustments for 
comparability. From these assumptions, the rotatable elliptical tower was cheaper than all 


3 Since three data points were available by including the origin of the graph, a quadratic polynomial my = az He + 
a, Hy + ao with a» = 1.30, a, = 2.19e3, and dag = 0.00 represented the tower mass in kg as function of the tower 
height. 

* This small value results from the fact, that concrete consists only about 13 % out of CO» releasing cement, which 
causes about the same mass of CO»-emissions than its own mass. These values originate from NRMCA [145]. 

5 Prices were read from the 10 year chart of hot rolled steel, presented on https://finanzen.handelsblatt. 
com/rohstoffpreise 
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conventional concepts up to hub heights of zy < 135 m. For all hub heights zy > 80 m, 
the RILT pointed out as most cost effective tower concept. At zu = 100 m the RILT saved 
costs of 0.661 M€ - 0.533 M€ = 0.128 M€ (19.36 9o) compared to the rotatable elliptical 
(C3,wl), 0.791 M€ - 0.533 M€ = 0.258 M€ (32.62 %) compared to the wooden, 0.901 M€ - 
0.533 M€ = 0.368 M€ (40.84 %) compared to the non-rotatable lattice, and 0.924 M€ - 
0.533 M€ = 0.391 M€ (42.32 %) compared to the conventional own optimized tubular steel 
(C2) tower. At larger hub heights, such as zy = 150 m, the RILT saved even more costs, namely 
1.483 M€ - 0.822 M€ = 0.661 ME (44.57 %) compared to the rotatable elliptical (C3,wl), 
1.347 M€ - 0.822 M€ = 0.525 ME (38.98 9o) compared to the non-rotatable lattice, and 
1.987 M€ - 0.822 M€ = 1.165 M€ (58.63 9c) compared to the conventional own optimized 
tubular steel (C2) tower. However, the increased steel prices of 2018 would increase the cost 
savings even more, but were neglected as a conservative assumption. 


10.2 Increased Energy Yield through Tower 
Inclination 
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Figure 10.2: Power curves of the original 5 MW NREL reference WT and the same WT with vertical rotor alignment, 
such as used for the RILT 


According to subsection 6.2.3, the inclined tower offered the opportunity to avoid a rotor shaft 
angle and a blade precone angle, which is unequal to zero. Such a vertical setting led to an 
1.7 % larger effective rotor area than the reference effective rotor area from the 5 MW NREL 
reference WT. A corresponding minimum tower inclination angle of the RILT was necessary to 
ensure the same blade to tower clearance as for the reference WT. In the next step, the increased 
rotor area was applied to an energy production estimation for different WT classes. The WT 
classes may be reviewed in Table 2.3. Figure 10.2 shows the power curves for the reference 
rotor and the adjusted vertical rotor alignment for the RILT. The diagram itself indicates no 
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significant difference between both WT versions. Therefore, a closer look into the lifetime 
generated energy and profit was necessary. 


The WT rotor power as function of the wind speed at hub height P(Vy) was averaged with 
respect to a given wind speed probability density p(Vy) for a certain WT class by 


P- Í P(Va) p(Va) dV = f P(Vg) dPw (10.2) 


In Equation 10.2, a Weibull wind speed distribution was assumed, indicated by index w of Pw. 
Through discretization of wind speeds into Ng bins, one can express Equation 10.2 as 


pa [er - (==) - (=) hr (et : = (10.3) 


2 
according to Manwell, McGowan, and Rogers [137, p. 65]. Consequently, the lifetime average 
energy yield of aWT is calculated by 


— exp 


E ite = P Thife ALife (10.4) 


where Alife is the WTs average lifetime availability. 


WT Class | Energy Yield Ref. | Energy Yield RILT | Income Ref. | Income RILT | Abs. Diff. 
- /GWh / GWh /M€ /M€ /M€ 
1 469.1 472.0 34.105 34.319 0.214 
2 387.9 391.1 28.207 28.436 0.229 
3 319.9 323.0 23.260 23.488 0.228 


Table 10.2: Energy and remuneration income comparison through WTs energy yield of the original 5 MW NREL 
reference WT and the WT with RILT and corresponding vertical rotor alignment 


Taking German remunerations from the BMU [21] as basis for a WT with Tite = 20 years, 
Arife = 0.98, and a realized energy yield of 100 % of the reference energy yield resulted in 
an average payment of 0.0727 €/kWh over lifetime. Table 10.2 lists the resulting calculated 
lifetime energy yield and remuneration for the 5 MW NREL reference WT and the one with 
RILT and vertical rotor alignment. It documents that the monetary lifetime income of the WT 
with RILT is only 0.63 9o, 0.81 %, and 0.98 % larger than for the reference WT in WT classes 


6 The calculation of this this average lifetime remuneration is as follows: 
150 % — 100 % 1 1 
(5 year/TLife)0.0791 €/kWh + 2 0.75 T month Tug 0.0791 €/kWh + 
year 
150 % — 100 % 1 1 
TLite — 5 year - (2 0.75 s IR Lam 0.0432 €/kWh = 0.0727 €/kWh. It was based on 
year 


the equations and explanations from the BMU [21, p. 12-13]. The year of first payment is set to 2020. 
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1, 2, and 3, respectively. An expression in absolute values of 214 k€, 229 k€, and 228 k€ 
shows that it was a not negligible amount of additional money, which was generated by using 
the RILT instead of a conventional WT tower. 


10.3 Yaw System Costs 


Reliable costs for yaw systems at WT tower bases are difficult to estimate without deeper 
investigations. Table 2.6 reveals a wide range of 180 k€ to 450 k€ for a yaw bearing at the base 
of a 2.5 MW WT with 79.43 m hub height. According to Malcolm and Hansen [136], the yaw 
system costs are twice as high as the yaw bearing costs alone. Considering this and a discount 
of 10 9o for mass production of these bearings leads to yaw system costs of 324 k€ to 810 k€ 
for a conventional roller bearing with outer diameters of 6000 mm and 5500 mm, respectively. 
Table 2.6 suggests, that the bearing costs may be reduced by increasing diameters, which were 
necessary for the RILT with larger hub heights". One counter acting cost factor is the omission 
of the yaw system at the tower top. Malcolm and Hansen [136, p. 21] propose a table with costs 
for conventional tower top yaw bearings where a mass production discount is already included. 
In the curve fit of the data [136, p. 21], the maximum overturning moment on the yaw bearing 
and its diameter is included to calculate its mass. That curve fit is described as 


Max , s) 1.489 


yaw bear. 


Myaw bear. = 0.0152 | (10.5) 


where the maximum overturning moment Mmax must be given in kNm and the yaw bearing 
diameter Dyaw bear. must be given in m to get the yaw bearing mass myaw bear. in kg. The mass 
to cost relation is curve fitted by 


$ 
Cyaw bear. = (Myaw bear. 6.689 + 953) T. (10.6) 


Using Equation 10.5 in 10.6 with a yaw bearing diameter of 3.87 m? and a tower top maximum 
bending moment of 3.02e4 kNm? resulted to costs of 112 k€!° for the whole yaw system. 


Assuming the validity of Equations 10.5 and 10.6 for the RILT base yaw bearing led to costs of 
296 k€ and 127 k€ for the yaw system of the 87.6 m high and 147.6 m high RILT. Note that the 
yaw system costs for the smaller RILT were more than twice as high as for the larger RILT. These 
results were based on the extreme tower base reaction moments, extracted from the ASE analyses 
of the 87.6 m and 147.6 m high RILT. The largest tower base reaction moments occurred for both 
tower heights in DLC 2.3 at rated wind speed and were 132 kNm y; = 132kNm 1.1 = 145 kNm 
and 219 kNm yf = 219 kNm 1.1 = 241 kNm for Hy = 87.6 m and Hy = 147.6 m, respectively. 
RILT yaw bearing diameters were calculated, based on Tables 9.1 and 10.1 and result to 


7 A comparison of Tables 9.1 and 10.1 indicates, that RILTs bottom leg widths increase with larger hub heights. 
8 This value is the tower top diameter of the 5 MW reference WT from [109]. 

? This value was taken from the conventional ASE load analysis results in Appendix 14.9 
10 The yaw system costs were assumed to be twice as the yaw bearing costs alone. 
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Dyaw bear. = V2 x 6.8 m = 9.62 m and Dyaw bear. = V2 x 20 m = 28.28 m for the small 
and high tower. Although extreme tower base overturning moments of the higher RILT were 
larger the costs for the bearing were lower, because of its disproportionately larger yaw bearing 
diameter and the resulting lower local bearing loads. This results may contain truth, but larger 
bearings rise also other costs, such as transport, segmentation, assembly, and meeting tight 
tolerances over large dimensions. The RILT has four legs at the tower base, wherefore loads 
are induced punctually into the yaw system. This may require additional local strengthening 
of the bearing at the leg to bearing joints and thereby cause more costs. It must be noted that 
Equations 10.5 and 10.6 are very simple and rough estimates, which do not account for transport, 
segmentation, assembly, and tolerances for yaw bearings with very large diameters. Therefore, 
the above calculated values were the result of a given limited model from the literature and 
must be considered critically. Other yaw bearing cost models may be derived from a more 
comprehensive database. Some additional yaw bearing and yaw system costs are provided by 
Hau [92], Gasch [77], and Manwell, McGowan, and Rogers [137]. Manufacturers data sheets 
may also be consulted, but must be investigated carefully because of their non-WT-specific 
character. 


10.4 Economical Potential 


The final result of this work is the economical potential of rotatable support structures for WTs 
and specifically for the RILT. It is a preliminary end result, because more accurate tower base 
yaw system costs were not available for the given tower configuration at that state of research. 
One major aspect of the RILT economics were the cost savings, which result from the less 
required material for RILTs, compared to all other support structure concepts. This aspect 
was investigated in subsection 10.1.2. For the end result, the difference between the cheapest 
conventional tower concept!! material costs and the RILT material costs was considered for 
hub heights 80 m < zu € 175 m. This means for example that at zy = 80 m, the RILT material 
related cost savings SRILT,mat. were those, which result from the difference to a wooden tower 
and at zy = 175 m those, which resulted from the difference to a conventional lattice tower. !? 
An increased WT energy yield was achievable through the vertical alignment of the rotor, which 
was possible through the tower inclination. The resulting additional money income A/nr r. 
calculated in subsection 10.2, could be added to the profitability of RILTs together with the 
saved money Cyaw sys. conv. through avoiding the tower top yaw system. On the other hand, 
the tower base yaw system costs Cyaw sys. RILT had to be included in the balance to achieve a 
rotatable tower. The underlying cost model for the yaw system was explained in subsection 10.3. 
Potential foundation cost increases were assumed to be ACjound. = Cyaw sys... This assumption 
was made without any reference, because of the lack of literature for foundations of WTs with 
yaw system at the tower base and may be adjusted throughout future research activities. If those 
activities find higher tower base yaw system and additional foundation costs, other concepts, 


1! This includes the tubular steel, tubular steel with friction joints, slip formed concrete, hybrid, lattice, wooden, and 
own tubular tower concepts (C2 and C3,wl). 
12 A review of the bottom diagram in Figure 10.1 may clarify this statement. 
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such as discussed in subsection 4.2.2 may be considered. The overall RILT cost savings were 
consequently calculated as 


Sritt(ZH) = SRILT,mat. (ZH) + Algirr + Cyaw Sys. conv. — Cyaw Sys. RILT(ZH) — ACiouna. (zu). (10.7) 


Figure 10.3 shows the result of Equation 10.7 and its different terms. Note that a WT class I 
was assumed and the corresponding wind speed was always acting at the hub height, wherefore 
AlkıLr remained constant along zy. From this assumption and the assumption that the tower 
top yaw bearing diameter remains constant for all conventional tower concepts and hub heights, 
constant costs Cyay sys. conv. Were likewise justified. The RILT base extreme overturning moment 
and the yaw bearing diameter was modelled by polynomials of the second order, fitted to the 
data points, presented in subsection 10.3 as function of the hub height. This led to the following 
Equations 10.8 and 10.9. 


Mmax,RıLt(zu) = —1.511e-1 zà + 1.62563 zy (10.8) 
where Mmax,RiLT results in kNm if zy is given in m and 
Dyaw RILT(ZH) = 1.362e-3 z2-1.571e-2 zu (10.9) 


where Dyaw,rırr results in m if zu is given in m. Each inconstant continuous curve in Figure 10.3 
is modelled by a polynomial of the fourth order to smooth the plot. The polynomials are 


Cyaw sys. RILT = ACfound. = —3.424e-3 zu + 1.596 zù — 2.530e2 z2 + 1.403e4 zy + 2.187e1 
(10.10) 
SRILT,mat. = 2.761e-3 zh — 1.479 z, + 2.548e2 zy — 1.070e4 zu + 1.254e2 (10.11) 


Spur = 9.609e-3 zf — 4.670 zj + 7.607e2 z2, — 3.8764 zy + 2.705e5 (10.12) 


and produce results in €. Its determination coefficient 
~ <2 
R = m (10.13) 
Jim) 


is given on the right hand of the diagram where $; is the modelled value, y; is the calculated 
value, and y is the arithmetic mean of all y;. It shows a good fitting quality of R? > 0.997 for 
all three curves. 


The overall cost savings of the RILT increase with rising hub heights from 45 k€ at zy = 80m 
to 768 k€ at zy = 175 m. These cost savings amount to 8.05 9o of the cheapest conventional 
concept, the wooden tower, at zy = 80 m and 48.97 9o of the cheapest conventional concept, 
the lattice tower, at zy = 175 m. Thereby, the developed RILT shows a huge material, CO», and 
cost saving potential for large hub heights of zu > 100 m for transport constrained land-based 
WTs. 
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Figure 10.3: Overall RILT cost savings with respect to all other considered conventional tower concepts for the 5 MW 
NREL reference WT and the different monetary components, which were considered for the cost balance 
as function of the hub height. 


226 


11 Summary 


This work presents the development and potential analysis of a new and sustainable rotatable 
wind turbine tower by means of aero-servo-elastic load simulations. The idea of rotatable wind 
turbine towers is not new, but it was never investigated on a scientific way and a meaningful 
depth. One obvious advantage is the permanent alignment of the tower with respect to the 
wind turbine rotor. Thereby, the tower can be designed less stiff lateral to the rotor axis parallel 
direction and less material is required. Furthermore, it can be shaped more aerodynamically to 
decrease its drag loads in the rotor area orthogonal direction. Such slim tower profiles achieve 
a better transportability under bridges and tunnels, wherefore they are appropriate for larger 
hub heights where conventional tubular steel towers reach their economical limits. 


Another advantage is the improved accessibility of the yaw system at the tower base. A 
technology research revealed that yaw systems are applied for heavy structures such as railway 
turntables, rotatable buildings, mobile cranes, bucket wheel excavators, and rotatable shortwave 
antennas, which experience large axial forces and overturning moments at the rotatable joint. 
Thereby, a technical feasibility for yaw systems at wind turbine tower bases was given and 
additionally confirmed through an expertise survey. Considering the low amount of scientific 
research about rotatable wind turbine support structures and the scope of this work, it was 
focussed on the tower advantages instead of the tower base yaw system as a first research step. 


The aero-servo-elastic load simulation is an appropriate tool to investigate wind turbine support 
structures and was carried out in the FAST environment for this work. A first aero-servo-elastic 
analysis with most of the design load cases of IEC 61400-1 took place with the 5 MW NREL 
reference wind turbine and a conventional tubular steel tower. This step was necessary to achieve 
comparability to the developed rotatable wind turbine tower and validity of the procedure itself. 
The calculated loads were used for the design of an own reference conventional tubular steel 
tower and an elliptical rotatable tower under extreme load conditions and transport constraints. 
The results were 28.94 % material savings for an 80 m high elliptical tower and 26.69% material 
savings for an 180 m high elliptical tower compared to the conventional tubular one with same 
heights. The reason for not more material savings of the elliptical tower at larger hub heights 
was found in the transport constraint. 


Therefore, a four-legged lattice tower was used as underlying concept for the rotatable tower 
instead of a shell concept, such as an elliptical or aerodynamically shaped one. Lattice towers are 
material saving and transport constraint respecting for larger hub heights. Especially transport is 
no problem, because lattice tower members are small compared to huge tubular tower segments 
and maintenance costs remain low if slip resisting lockbolts are used for the joints. Another 
controversy discussed aspect, the outer appearance and acceptance of lattice towers, may be 
improved by usage of coverings or by application in areas with low population density. For 
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the rotatable lattice tower the focus was not on a different stiffness in the fore-aft and side-side 
direction, but on increased leg distances in all directions to save as much material as possible. 
This aspect leads especially to more material savings at the upper part of a lattice tower, because 
leg distances are not restricted by the blade to tower clearance on three sides of the tower. This 
is because of the fixed rotor position with respect to it. An additional tower inclination against 
the main wind direction is another advantage for rotatable wind turbine towers. It achieves a 
larger blade to tower clearance on the rotor side of the tower, whereby a vertical rotor alignment 
is possible or/and less blade material is necessary to reach its required stiffness. Through 
such a vertical rotor alignment, the effective rotor area increases and the wind turbine yields 
more energy over its lifetime and becomes more profitable. Furthermore, additional bending 
moments are induced into the structure through the mass eccentricities. Since, the tower is 
inclined against the main wind direction, it acts as counter weight, which reduces extreme loads 
within the members and more material is saved. Concerning yaw movements of such eccentric 
high masses higher loads occur only as consequence of yaw accelerations, but not because of 
yaw velocities. This leads to no considerable losses in the energy yield over lifetime, because 
the yaw speed must not be reduced for a rotatable inclined tower. 


The rotatable inclined lattice tower was modelled in the linear-beam-finite-element submodule 
SubDyn, which is part of the FAST framework. Since SubDyn was only capable to model 
circular member cross sections in a lattice structure, some changes were required. The stiffness 
and mass matrix formulations changed to account for arbitrary centroids, shear centers and 
principal bending, and shear axes on lattice member cross sections. Another adjustment was 
done in the direction cosine matrices to achieve control over member alignments around their 
length axes. After the validation of all changes, rotatable inclined lattice towers with two 
different heights, 87.6 m and 147.6 m were modelled and investigated via aero-servo-elastic 
load simulations and structural analyses. Thereby, the ultimate, fatigue, and serviceability limit 
states were met over the assumed wind turbines lifetime of 20 years according to IEC 61400-1 
and with the support of DNV GL guidelines ST-0126 and RP-C203. 


After the rotatable inclined lattice tower design, its cost savings were evaluated with respect 
to its saved material, the increased energy yield from the vertical rotor alignment, and the 
omission of the tower top yaw system. On the other side are tower base yaw system costs and 
assumed increased foundation costs, which reduced these cost savings. From the preliminary 
assumptions in this work the rotatable inclined lattice tower saved 45 k€ at 80 m to 768 k€ 
at 175 m hub height compared to the most cost-effective conventional concepts, such as the 
tubular steel, tubular steel with friction joints, slip formed concrete, hybrid, lattice, and wooden 
tower. This amounts to 8.05 % and 48.97 % in tower cost savings and indicates the huge cost 
saving potential of rotatable inclined lattice towers for larger hub heights. 


This result reveals a new, sustainable, and profitable support structure concept for land-based 
wind turbines with large hub heights under transport constraints. Although the amount of 
installed offshore wind turbines increases, this concept has the potential to make land-based 
wind energy more attractive, especially for weak wind areas with bad accessibility. Therefore, 
it is a contribution to the profitability of renewable energies. 
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The scope of this work hindered detailed proofs for the friction joints of the rotatable inclined 
lattice tower. Their impact on the overall structural mass and thereby on the costs was assumed 
to be subordinative. However, proofs are necessary to provide more comprehensive and accurate 
conclusions. 


One main field of future research will be the tower bottom yaw system, because it was only 
investigated at the surface in this work. Thereby, not only conventional roller bearings, but 
also other concepts should be considered, such as introduced in this work. Furthermore, it is 
important that yaw acceleration will be limited and controllable to hinder the induction of large 
and periodic gyroscopic loads on the structure. The same request for more detailed analyses 
applies consequently to the foundation and the machinery bed interface. 


Other questions rose regarding the wind turbine controls. In this work, only the standard 
reference NREL controller was used, while some small adjustments to the controls were 
implemented to react on special events, such as wind turbine shut-downs or parking design load 
cases with extreme wind conditions. This work showed that extreme loads depend on those 
control adjustments, but it was out of scope to investigate the larger influence of the adjustments 
with respect to the wind turbines efficiency and the loads on other structural components. Future 
research activities may investigate the interdependency between controls, loads, and the energy 
yield of wind turbines with rotatable support structure on a deeper level. 


This work indicates that lattice towers are not necessarily bad in their appearance, but the visual 
acceptance of land-based rotatable inclined lattice towers has likewise to be investigated in 
more detail in the future. 
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14 Appendix 


14.1 Conversation with Clipper Windpower 


Mail conversation with Clipper Windpower from the 12. June 2015 


During late 2012 and through 2013 significant changes were made concerning the strategic direction of our 
company. Regretfully we as 2 company are no longer providing wind farm development services, advanced 
engineering design studies, engineering support activities, wind farm operation services, monitoring services, 
and have halted all sales and production of the company's Liberty 2.5MW wind turbine. In our go forward 
position Clipper remains as a much smaller entity performing as a service provider, concentrating our efforts on 
the existing Clipper Liberty customers and offering plant based refurbishment services for the turbine gearbox 
and other electro/mechanical components. Since we have concentrated our efforts in dealing with the previous 
Clipper customer base in a manufacturing service nature, the Sales, Marketing, Engineering, O & M Services 
and Wind Farm Development Departments within Chpper have been totally eliminated. Due to the 
circumstances described above we do not have interest or input to your query, nor is it something that we 
anticipate having involvement with in the near future. 


Thank you, 

Bob Loyd PE 

President and CEO 

Clipper Windpower, LLC 

4601 Bowling St SW 

Cedar Rapids, Iowa 52404 

Tel: +1 (319) 861-7411 

Fax: +1 (319) 364 2960 

Email: ríoyd Gclipperwind.comemaiito:rloyd & clipperwind.com» 
Web: http://www.clipperwind.com«http://www.clipperwind.com/» 
P Think Green! Please consider the environment before printing this email 


Betreff: FW: Email inquiry from Clipper website! 

Von: "Robert Loyd” <RLoyd@clipperwind.com> 

Datum: Fr, 12.06.2015, 20:25 

An: “achim.struve@th-flensburg.de™ <achim.struve@fh-flensburg.de> 
Priorität: Normal 

From; Achim Struve [mailto:noreply&?jotform.com] 

Sent: Friday, June 12, 2015 8:40 AM 

To: Info Subject: Email inquiry from Clipper website! 

Email inquiry from Clipper website! 

Sender info 

Your Name 

Achim Struve 

Your E-mail Address 

achim struve@fh-flensburg de«mailto:achim.struve(fh-flensburg de> 
Your Message 


Ladies and Gentlemen, 

Jam a postgraduate from the Wind Energy Technology Institute of the Flensburg University of Applied Sciences 
in Northern Germany. ! want to do a doctorate about the theme of rotating wind energy plant towers with an 
aerodynamic optimized cross section shape of the tower. | found your patents with the number 
1$20130171002A1 and US20130156596A1. These invention is exactly the theme of my doctorate and | am very 
interested to hear more about your research status in this. Is this an current topic of your company? | look 
forward to hearing from you soon. 

Yours faithfully 


M.Eng. Achim Struve 
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14 Appendix 


14.2 Considered DLCs According to Different 
References 


The following table summarizes the considered DLCs of the ASE load calculations regarding 
its references. 


Reference Respected DLC list 


NREL WindPACT [136] | normal turbulence model, 

extreme coherent gust with wind direction change, 

extreme coherent gust, extreme direction change, 

extreme operating gust, extreme vertical wind shear, 

extreme horizontal wind shear and emergency stops with 
: m 

wind speeds (=): 8 (only for normal turbulence model), 

S 


12, 16, 20 and 24 and the extreme wind model 


NREL 5 MW [109] 1.1, 1.3, 1.4, 1.5, 1.6 (own DLC), 2.1, 2.3, 6.1, 6.2, 6.3, 7.1 


DTU 10 MW [5] 1.1, 1.2, 1.3, 1.5, 2.1, 2.3, 2.4, 4.1, 4.2, 5.1, 6.1, 6.2, 6.3, 6.4, 7.1 


14.3 Statistical Outliers Check in Validation 
Procedure for RootMyc1 


These are the timeseries of load sensors where the extreme out-of-plane blade root bending 
moment of all DLCs 1.x in an own simulation occurred. The underlying WT and support 
structure was the 5 MW baseline NREL reference WT with conventional circular steel tower. 
In the timeseries, the generator power (GenPwr) in kW, the pitch angle of blade 1 (BldPitch1) 
in deg, the rotor thrust (RotThrust) in kN, the rotor speed (RotSpeed) in rpm, the wind speed 
in global x-direction (Windl Velx) in m/s, and the out-of-plane blade root bending moment 
(RootMyc1) in kNm are shown. The first 30 s were cut away because of possible numerical 
initialization influences. Note that the values of these load sensors are raw without post 
processing, such as applied partial safety factors. 
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14.3 Statistical Outliers Check in Validation Procedure for RootMyc1 
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14 Appendix 


14.4 Summary of Required Simulation Time 
Periods in Comparison Study 
Summary of the required simulation time periods and its corresponding random seeds to be 


used for each wind speed in turbulent wind fields. Only DLCS, considered in the comparison 
study of Jonkman [110] are listed. 


DLC | Wind condition | Seeds/Wind Speed | Sim. Time 
1.1 Turbulent 6 10 min 
1.3 Turbulent 6 10 min 
1.4 | Deterministic - 1 min 
1.5 | Deterministic - ] min 
2.1 Turbulent 12 10 min 
2.3 | Deterministic - ] min 
6.1 Turbulent 6 60 min 
6.2 Turbulent 6 60 min 
6.3 Turbulent 6 60 min 
7.1 Turbulent 6 60 min 


14.5 ASE Validation - Relevant FAST Input Files 


The following pages show the relevant FAST environmental inputs, used for the validation 
of the ASE load simulations. They consist out of the following module input files: FAST, 
ElastoDyn, ElastoDyn Tower, AeroDyn, and ServoDyn. The detailed blade aerodynamic input 
files and the controller source code are not listed, but can be looked up in the Appendix B of 
the comparison study [110]. 
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14.5 ASE Validation - Relevant FAST Input Files 


Furthermore, the InflowWind file is not listed because it has only the purpose to load the correct 
turbulent wind field file in this case. Note that there are three different structural blade input 
files to mimic the rotor mass unbalance, but only one of them is listed here. 

FAST Input 


ANNUI UE dip 


ASE Load Validation Procedure 


= Lene ispat data to cMootMame».ech (fiag) 
- Error Level wen wimularics whcold abort (wiring) ("SARSING", "SEVERE", "FATAL"| 

= Total run tise (sj 

- Recommended module time step (s) 

+ interpolation order for itgut/cutput tise Biatery (+) |ielisear, equadsetic] 

- Huber of correction iterations (-) (Osexplicit calcslation, i.e., no corresticns) 
* Time between calls to get Jacchians (a) 

factor used in Jecebians (=) 

MD UGS 
structural dynamics (switch) [isElessopyns 2eflestedyn + beambyn for blades] 

iaflow wind velocities (witch) [Oeatalh air; leInfloWWind; 2eemtermal from OpenFOAM) 
aerodynamic loads (switch) (diene: leheroDym vid: 2«AeroDym YLS) 

csasrol and elecwricel-drive dysamics (switch) (O«NHine; l«SerwoDyn] 

Mydrodytamic loads (switch) (0«oe; leMydroDyn] 

wsb-wWrovtural dynamics (switch) |O«lWcme: leSubDyn) 

mooring system (switch) [etiones Inter: 2e'EAMooring: JeMcorDyn: 4-Orcaflex) 

ice Loads (avivch) (Gellones lelcefioe: jelcebyn) 


"LiawtoDym/NMEL $4 KiastoOym Dic 13T «00deq V20 3170,dat" — tDfil = Mame of flle containing Elastopyn inpot parameters (quoted string) 
“SEL S BeanDyn.dar” — NOBldPile(1) = Name of file containing Beamdyn input parameters for blade 1 (qooted string! 
"EMLL SHé BeamDyn dat" — BÜBldfile(2) = Name of fiie containing Be«mcym itgut parameters for Diede 2 (quoted string) 
JW "IALL SE BeamDym.dart* — BORldFile(3) — - ame of file containing BeamZym input parameters for blade 3 (quoted string) 
EA "IRflOWiind/NREL SM inflowWind Die IST «Ode V20 $1T).dat* — laflevfile = Mame of flle containing inflew wind input parameters (quoted string) 
dT ISEL perony. das" — Aerorile - Bane of file containing aerodynamic input paramecers (quoted string! 
= "erveDys/NMEL S994 _Servodyn Dic 137 «05deg V2O $1?0.dat*  Servofile + Maze of file containing costrel and electrical-drive input parameters (quoted string) 
Z^ uses“ [E Wane of file containing hyérodynamic input parameters (quoted wiring) 
= veuses" Sarie Mane of file containing sub-structural inpot parameters {quotes string) 
no sasons WeoriegFlla — - Name of file containing Booritq pyeten inpet parameters (quetes string! 
2 "eeused" leePile ~ Mame of file containing ice isput parameters (quoted string) 
5 -- none ee 
» - Prinz summary data to "<Roscllamer.uum” (flag) 
» = Amount of Tine between screen status Bessepts (3) 
» - Amount sf Sime between creating checkpoint files for potential restart (P) 
* » Time step for tabular cutput js) {or "defwalt") 


- Time to begin tabular uspet {m 

- format for tabular |time-marching) output file (switch) (1: text file [cRootNase».cut], 2: binary file [XMeótSame»,cutb], 3: both] 
TabDelim - Une cab delimiters in tent tabular cutper file? (fleg) (user wpaces if falee) 

Otre * Format used for text tabular cutput, excluding the tise chassel, Besulting field should be 10 characters. (quoted strisQ) 


———X o — 
Linearize » Linearization analysis (flag 
Klintines * Husber of times to linearize à+) [»»l] [unused If Lisearizesfaise] 
€) — LinTimes - List of times ar which to limeazize (a) [l to MlimTimes] [uzused if Linsarize-Talne] 
Linispute * Inputs included in linearization (svitch) (Genene: lestendatds 2-&ll module inputs (debugi] [unused if Linearize-Falee} 
Lindespota - Qutpute included in limearization (ewitch) (Oencner lefrom OurListis); Jesli moule outputs (debug) [unused if Limnarizeefaise] 
LinOutiae = Include fall Jecebians in Linearization output (för debug) (flag) (usused if Lisearise-false: used caly if iisitgutseLisOutputaei] 


- Write module-level linearization output files in addition to ostpst for full system? (flag) [unzsed if Liseerize-Talse] 


wem - VIK visualization data curput: (switch) [Üemone: ieimitialization data omiy: jeanimation) 

VIX type = Type of VIE visualization data: (switch) [lesurfases: 2ebasic meshes |lisea/pcista|: Seal! seshes [4ebug)) [usused if WrVTYM0] 
VIR field - Uyire sesh fields to VIE data files? (flag) |true/felae] [usused if WrVTE«] 

VIK fps = Frame rate for VIK cuepue (frames per secced]|vili use elosest integer multiple of DT] [used only sf WrVTEe2] 
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14 Appendix 


ElastoDyn Input I 


KIASTODYN vi.03.* INPUT FILE ——-------------——------------------------ 


x 

E NAEL 5.0 Mi Baseline Lacd-lased Bing Turbine 

fn == SIMULATION CONTROL L——- 

+ nie ters — Keno isgut data to "cRootNase>.ecn" (flagi 

v 2 Method - imtegratice method: |l: Aaa, 2: AMM, or 3: AMMA) [-} 

& nm bi - Integration time step (4) 

Poem mme ENVIRONMENTAL CONSITION - 

à 9.80448 Gravity — - Graviteticeal acceleration wen 

a - -= DEGREES OF FREEDOM ------- — 

w Tm FiepOOr  - iret flapeise blade mode DOT (flag) 

Home FlApDOK2 — - Second flagwise blade moda DOP (flag) 

iE True kagenor - Pirat sapevine blade mode COP (flag) 

“rim Tenor - Reter-teeter DOF (flag) [usuaed for 3 blades] 

M tre Ortroor - Drivetrain rotAtional-flemibility DOF (flag! 

“Tre Gandor - Generator DOF (flep) 

if True nor ^ Yaw DOF (flag! 

Tre TWADOFi = Firet fore-aft tower besding-mode DOF (flag) 

Ao True TwADOF2 = Second fore-aft tower besding-mode DOF (flag) 

ib Troe TWSSDOFi = First side-to-side tover bending-mode DOF (fleg) 
‘TWSSDOFZ = Second side-to-side tower bending-mode DOF (flag) 
Perasgtor = Platform horizontal surge translation DOF (flag) 
Perisor = Platform horizontal sway translation POP (flag) 
PtfmvDOF = Platform vertical heave translation DOF (flag) 
PtfmkDOK = Platform roll tilt rotation COP (flag) 


'latform pitch tilt rotetion DOF (flag) 
False PtfmYDOK = Platform yaw rotation DOF (flag) 


= Initial cut-of-plane biade-tip displacement peu 


IfDeri a is-plane blade-tip deflection |meters) 
Birizenıkı sitial pitch idegrees) 
Biritenızı i&itial pitch igegreea) 
Britas initial pitch (degrees) [unused for 2 blades) 
Teetoeti initial or fixed teeter angie (degrees! (unused for $ blades] 
Asissta initial azimuth angie for blade 1 (degrees) 

12.1 — Motpees Initial or fixed rotot speed (rpe) 


- Initial or fixed nacelle-yaw angle (degrees) 
TIDspfA -~ Initial forecaft tower-tep displacement (petero) 


TIbepss Initial side-to-side tower-top displacement (meters) 

FtfsSsrge Initial or fixed horizontal surge translational displacement of platform (meters) 
Pufzsvay initial or fined horicomtel away tratilational displacement of platform (meters) 
FtfsBeave initial or fixed vertical heave translational displectmeot of platform (meters) 
Pfeil lInitial or fixed roll tilt rotational displacement of pletfors (degreesi 
FtfsPiteh = initial or fixed pitch tilt rotational displacement of platform [degrees] 
[7757 lnitial or fixed yaw rotational displacement of platform (degrees) 


—— P " — 
Musber of biedes (=) 

The distance from the rotor apex to the blade tip [meters] 

The distance from the rotor apex to the blade soot (meters) 

seen angle [degrees] 

cene angle [degrees] 

wur angle (degrees) [unused for 2 blades] 

Distance from zetor apex to hub mass [positive dowmind) (meters) 

Un4Siieg ~ Underslisg length [distance from teeter pin to the rotor apex] (meters) [unused for 3 blades] 

= Delta-3 angle for teetering rotors (degrees) [unused for 3 bledes] 

= Azimuth value to use for I/O when blade 1 points up (degrees) 

= Distance from yew axis to rotor apex [3 bladea] or teeter pin [2 blades] (meters) 

= Distance from retor apex [3 blades] or teeter pin [2 bladea] to shaft strain gages [positive for upwind rotors) [meters] 
= Rotor shaft tilt angle (degrees) 

Marcin ~ Dowmvind distance frem the cover-top to the nacelle CM (meters) 


SERTRSTERALSNIERTENELINSSSTErDE 


Lateral distance from the tower-top to the nacelle CM (meters) 
‘Vertical distance from the tower-top to the nacelle CM (meters) 
Dewnvisd dtavance from the tewer-top to the nacelle IMJ (meter! 


FEPEEEETEFTTI 


eDDys Lateral distance feom the tcwer-top to the nacelle IMJ (mete 
NeIMUsm -~ Vertical distance from the tover-top te the nacelle IMJ (meters) 
lwr2fhft ~ Vertical distance from the tcwer-top to the recor shaft (meters) 

" Towert - Height of tower above grcund level [onshore] cr MSL [offshore] (meters) 

[i IeverBsEt - Height of tever base above ground level (enshere] or MSL [offshore] (meters) 

st Ferse = Downwind distance from rhe ground level [cashome] or MSL [offshore] vo the platform CM (meters) 

w FefeOtye ~ Lateral distance from the ground level (enshore] or MSL [offshore] to the platform CM (meters) 

» PefsMrt = Vertical distance from the ground level (enshore] or MSL [offshore] ve the platform CM (meters) 

" Fitaatit  - Vertical distanca from the ground level. [onshore] or MSL [offshore] ro the platferm reference point (scars) 

z LIP -= 

" TipMass(1) ~ Tip-brake mass, blade 1 (lg) 

n" TipMassiz) - Tip-brake mass, blade 2 (kg) 

m TipMass|3) - Tip-brake mass, blade 3 (ug) [unused for 2 blades] 

te fuMass = Hub mass itg) 

n Mubiner = Müb inertia about rotor exis [J blades] or teecer axis [2 bledes] (ig m2) 

» Genlser = Generator inertia about ESS (kg 2°2) 

7 NecMass = Necelle mass (ij) 

e NecYiner = Necelle inertia about yaw axis (kg 2^2] 

gi YewürMass = Yew Dearing mass (kg) 

2 FrfsMass = Platform mass (iy) 

SE 1303M45.0  FPrfmRIDeT = Platform inertia for roll tilt rotation abcur che platform Of (kg 2°2) 

JA. 607090 — FufmPIner - Platform inertia for pitch tilt rosation abcut che platform CM (kg a2) 

a" O PetaYiner - Platform inertia for yav rotation about the platform CM (ug m'2) 

N -~ M BLADE ===: mM = =- 

n" 17 Biden - Number of blade nodes (per blade) used for analysis |-| 

31  "Dlade/NREL SM Blede.dat" — Dldiie(i| - Name of file containing properties for blade 1 (quoted string) 

GS  "blade/SAEL SMí iade lighi.dat" © BidTile(2) - Name of file containing properties for blade 2 (quoted string) 

Bi "Diede GEL Mi Diede heavy.dac” — BidFile(1) - Mame of file containing properties for blade 3 (quoted string) [omsed for 2 blades] 

a BOTOR-TEETER -----------------—-. 

p a leebd -~ Rator-teerer apring/damper model (0: mae, li standard, 2: user-defined from routine Deerleet] (avitch) [unused for 3 blades] 

H Ü Teerimp? - Rotor-teever damper position (degrees) [used only for 2 blades and when TeeuModel] 

»* 0  Teetmp  - -Rovor-teever damping constant (l-m/(rad/s)) [used only for 2 bledes and when TeeuModel] 

E O Teettimp - Rotor-teever zase-independens Coulomb-damping moment (Ni-m) [used only for 2 blades and when TeeiMoGell 

se 0 TeeníStR - Rocor-veever aofs-arop position (degrees) (used only for 2 bledes and when TeetMcdel] 

è O Teertit? - Rotor-reerer hard-acop position (degrees) [used only for 2 blades and when Teecodel] 

3 O Teetí$lp - Rovor-veever scfz-atop Linear-spring constant (M-m/rad| [used only for 2 blades and when TeecHodel] 

= O Teechiip — — Rocor-reever hard-scop limear-spring constant (N-m/rad| (used only for 2 blades and when TeecModel] 
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14.5 ASE Validation - Relevant FAST Input Files 


ElastoDyn Input II 


M —M-——--- DRIVETRAIN eem MÀ — ———-——— —————————————— 
100 Gitse — - Gearbox effietency (V) 
V! Mario = Gearbox ratio (e) 

ETENE — DIIorSpr = ‘Drivetrain torsicoal spring (S-m/red) 

siSEvót — DITOrÜRQ = Drivetrain torsional damper (Mem (rad/s)) 


Tower fote-aft and sige-to-siae displacements and top twist 
Tower fore-afr and side-to-side displacements and top twist 
= Tower fore-aft and side-to-side displacements and top twist 
‘Bacelle yaw angle (position) 

High-speed shaft brake totque 


M ——— WEILE ———————————————— 
Taise Turking * Mead im eStitional model properties for furiing turbine (flag) [must currently be FALSE) 
Tunes” TuriFiie — - Name of file containing furling properties (quoted string) [wnüsed ween TuriingeTalae] 
—— (S e——À—— 1€ «— 
20 Teglodes — - Wumber of tower modes used for analysis (-) 
“Tower /UREL SM flastoDys Towet.dat" — TzFile = Name of file coetainisg tower properties (quoted string) 
SAAR eR pn a ERI SED IFT 
Tree SusPrist = Prist summary data to “<Roctieme>.sum” (flag) 
3 Ouile  - Fuisch zo determine where output will be pleced: [1: im module output file caly; 2: im gise code output file calyr 3: both) currenti 
tree TepOelis = Use tab delimiters is text tabular cutpot file? (flag) (currently usesed) 
TESiO.M2" — OuiPwc - Format used for text tabular cotpet (exoept sime). Resulting field ahomid bw iD characters, (quosed string) currently suused) 
[2s = Time to begin tabular cutpwt (s) (currently unused) 
1 Decret —— - Decimation factor for tabular cuspet (bi output every time step) (-) (carreatiy umssed] 
S Wiveegea = Munber cf Lover sodes that have strais gages for output [0 to 5] {=} 
2 u 4, 9. 10 12. Mu L6, 18 — Tummeglid — - Lint of Tower nodes that have serein gegen |i to Turliosen] (-) [mund if NIVGagese)] 
4 Biceps = Musber of blade sodes that have strais gages for cutpet [O to $] (=) 
5 $, 13 — 13  Didcegid — - Laat cf blade nodes that have strain gegee (i tc Bidilodes) i-| [unused if BBlGagereð) 
Outlist — - The next Linela) contaisa a list of cutpet paremeters. See DutlistParameters.xisx for a listing of available catgut chassels, d=) 
*0sftef11* - Blade | out-of-plane and ie-platé Geflections and tip EWN 
"IMeri* = Blade 1 cut-cf-plase asd in-plane deflections and tip twist 
Tustbetii* - Blade | cut-cf-plasa and sn-plane deflections and tip wiat 
“artenh” = Blade | arımıch angle 


- Fost-afr ahtaz, side-to-side shear, and vertical forces at the top of the tower [aot zutating with nacelle yaw) 
= Fore-aft shes, side-to-31de shear, and vertical forces at the top of the tower (not rotating with nacelle yew) 
- Fore-afr shear, side-to-side shear, and vertical forces at the top cf the tower [act sotasiag with macelle yaw) 
= Side-tonside bending, fore-aft Bending, ans yew scmests at the Lop of the Lover (Ret rotating with nacelle yaw) 
- Side-io-side beading, fore-afr bending, and yew moments at she top of the tower [not rotating with nacelle yaw) 
^ Side-to-side bending, fore-afi Bending, and yew moments at the top of the Lover (hot rotating vith nacelle yew) 
= Fore-afr shear, side-to-side shear, and vertical forces at the base of the sover (medline) 
= foreraft shear, side-to-side sheat, and vertical forces at the base of the tower (mudlise) 
- Fore-afr shear, mide-zo-nide sheer, and vertical forces at she base of the tower (medline) 
= fide-to-side beading, fore-aft Bending, ang yew momenta at the base cf the tower (masline) 
- Side-io-wWide beading, fore-aft bending, and yew momenta at the base of the tower (maslise) 
= Side-to-aide beading, fote-aft Bending, ans yew misesta at the base of the tower (masline) 


= fower-tép / yev beating fore-aft (translational) deflection (relative ts the undeflectes position) Directed along the sp-asis (a) 

- Tower-sop / yaw bearing side-to-side (transhaticnal) deflection (relative to the undeflecced position) Directed along the yp-azin È 
= Tewer~tep / yev beating arial (translational) deflection (relative to the undeflected position} — Directed along the sp-axis {m} 

- THbepYA  Tower-sop / yew bearing fore-afe (sransiesicnal) deflection (relative to the cadeflesved posicion) Directed along the zu-azi 
= TiDepSS Tewerstep / yaw bearing side-to-side (translation) deflectice (relative to the us4eflected position) Directed aleng the yt 
- Tifepis — Tewer-top / yv bearing axial (eransiational) sefiection (relative to the unseflectes position) Directed along the st-amia t 
= Tewer.tep / yev bearing fere-aft (rranslarional) acceleratics absolute] Directed along the wp-axis  (w/a^2) 

= Tewer-tep / yew beariny side-to-side (translational) acceleraticn (absolute) Directed along the ye-axie (a/e*2) 

= Tower-top / yew bearing axial (translational) acceleration (absolute) Directed along the zp-axis (m/s2) 


1 pinch angle 


chruat 
Torque und lov-gpees Shaft Q= ang Webemäing moments at the sain bearing 
Low-wpeed siatt and high-speed shaft speede 


END of input file (the word "END" must appear in the first J columns cf this last OutList lise) 
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14 Appendix 


ElastoDyn Tower Input 
1 ss — ELASTODYN V1.00.* TOWER INPUT FILE - 
2  NREL 5.0 MW offshore baseline tower input properties. 
E ————————————————- TOWER PARAMETERS ————————— ————7——————-————— 
4 11  NIWInpSt - Number of input stations to specify tower geometry 
5 l  TwrFADmp(l) - Tower lst fore-aft mode structural damping ratio ($) 
€ J TwrFADmp(2) - Tower 2nd fore-aft mode structural damping ratio ($) 
Yi 1 TwrSSDmp(l) - Tower lst side-to-side mode structural damping ratio ($) 
8 1 TwrSSDmp(2) - Tower 2nd side-to-side mode structural damping ratio (%) 
Nl ——————————————————- TOWER ADJUSTMUNT FACTORS -------------------------------- 
10 x FAStTunr(l) - Tower fore-aft modal stiffness tuner, lst mode (-) 
11 1 FAStTunr(2) - Tower fore-aft modal stiffness tuner, 2nd mode (-) 
12 1  SSStTunr(1l) - Tower side-to-side stiffness tuner, lst mode (-) 
13 1 SSStTunr(2) - Tower side-to-side stiffness tuner, 2nd mode (-) 
14 1  AdjTwMa - Factor to adjust tower mass density (-) 
15 l AdjFASt - Factor to adjust tower fore-aft stiffness (-) 
16 1 Adjssst - Factor to adjust tower side-to-side stiffness (-) 
NM -————————————————— DISTRIBUTED TOWER PROPERTIES -————7———-——-——-—-——-——-——------- 
18 HtFract TMassDen TwFAStif TwSSStif 
19 (-) (kg/m) (Nm*2) (Nm*2) 
20 0.0000000E+00 5.5908700E+03 £6.1434300E-11 6.1434300E+11 
21  1.0000000E-01 5.2324300E+03 5.3482100E+11 5.3482100E+11 
22 2.0000000E-01 4.8857600E+03 4.6326700E+11 4.6326700E+11 
23  3.0000000E-01 4.5508700E+03 3.9913100E+11 3.9913100E+11 
24  4.0000000E-01 4.2277500E+03 3.4188300E+11 3.4188300E+11 
25 5.0000000E-01 3.9164100E+03 2.9101100E«11 2.9101100E+11 
26 6.0000000E-01 3.6168300E+03 2.4602700E+11 2.4602700E+11 
27 7.0000000E-01 3.3290300E+03 2.0645700E+11 2.0645700E+11 
28 8.0000000E-01 3.0530100E+03 1.7185100E+11 1.7185100E+11 
29  9.0000000E-01 2.7887500E+03 1.4177600E-11 1.4177600E+11 
30 1.0000000E+00 2.5362700E+03 1.1582000E+11 1.1582000E+11 
ee TOWER FORE-AFT MODE SHAPES ------------------------------ 
32 0.7004  TwFAMISh(2) - Mode 1, coefficient of x^2 term 
33 2.1963  TwFAMISh(3) - , Coefficient of x^3 term 
34 -5.6202 TwFAMISh(4) - , Coefficient of x^4 term 
35 6.2275  TwFAMISh(5) - , Coefficient of x^5 term 
36 -2.504 TwFAMISh(6) - , Coefficient of x^6 term 
37 -70.5319  TwFAM2Sh(2) - Mode 2, coefficient of x^2 term 
38 -63.7623 TwFAM2Sh(3) - , Coefficient of x^3 term 
39 289.737 . TwFAM2Sh(4) - , Coefficient of x^4 term 
40 -176.513  TwFAM2Sh(5) - , Coefficient of x^5 term 
4l 22.0706 TwFAM2Sh(6) - , Coefficient of x^6 term 
EN —————————————— TOWER SIDE-TO-SIDE MODE SHAPES -------------------------- 
43 1.385 TwSSMISh(2) - Mode 1, coefficient of x^2 term 
44 -1.7684 TwSSMISh(3) - , coefficient of x^3 term 
45 3.0871 TwSSMISh(4) - , Coefficient of x^4 term 
46 -2.2395 TwSSM1Sh(5) - , Coefficient of x^5 term 
47 0.5357 TwSSMISh(6) - , Coefficient of x^6 term 
8 -121.21 TwSSM2Sh(2) - Mode 2, coefficient of x^2 term 
49 184.415 TwSSM2Sh(3) - , Coefficient of x^3 term 
50 -224.904 TwSSM2Sh(4) - , Coefficient of x^4 term 
51 298.536 TwSSM2Sh(5) - , Coefficient of x^5 term 
52 -135.838  TwSSM2Sh(6) - , Coefficient of x^6 term 
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14.5 ASE Validation - Relevant FAST Input Files 


ElastoDyn Blade Input 


a SA 


------- ELASTODYN V1.00.* INDIVIDUAL BLADE INPUT FILE ---- 
NREL 5.0 MW land-based baseline blade input properties. 


49  NBlInpSt - Number of blade input stations (-) 
2.5 BldFlDmp(1) - Blade flap mode $1 structural damping in percent of critical ($) 
2.5 BldFlDmp(2) - Blade flap mode $2 structural damping in percent of critical (t) 
2.5 mime) = Rinse edge mode RT aieiai piny 1i perei E Geita (9) 


—---- BLADE ADJUSTMENT FACTORS ---------- 
1  FlStTunr(l) - Blade flapwise modal stiffness tuner, lst mode (-) 
1  FlStTunr(2) - Blade flapwise modal stiffness tuner, 2nd mode (-) 


1.04536  AdjBlMs - Factor to adjust blade mass density (-) !bjj: value for AD14-1.04536; value for AD15=1.057344 
1  AdjFlst - Factor to adjust blade flap stiffness (-) 
1l  AdjEdSt - Factor to adjust blade edge stiffness (-) 
BlFract PitchAxis StreTwst BMassDen FlpStff EdgStff 
im. 6 (deg) (kg/m) (Nm^2) (m2) 


0.0000000E+00 2.5000000E-01 1.3308000E+01 6.7893500E+02 1.8110000E+10 1.8113600E+10 
3.2500000E-03 2.5000000E-01 1.3308000E+01 6.7893500E+02 1.8110000E+10 1.8113600E+10 
1.9510000E-02 2.5049000E-01 1.3308000E+01 7.7336300E+02 1.9424900E+10 1.9558600E+10 
3.5770000E-02 2.5490000E-01 1.3308000E+01 7.4055000E+02 1.7455900E+10 1.9497800E+10 
5.2030000E-02 2.6716000E-01 1.3308000E+01 7.4004200E+02 1.5287400E+10 1.9788800E+10 
6.8290000E-02 2.7941000E-01 1.3308000E+01 5.9249600E+02 1.0782400E+10 1.4858500E+10 
8.4550000E-02 2.9167000E-01 1.3308000E+01 4.5027500E+02 7.2297200E+09 1.0220600E+10 
1.0081000E-01 3.0392000E-01 1.3308000E+01 4.2405400E+02 6€.3095400E+09 9.1447000E+09 
1.1707000E-01 3.1618000E-01 1.3308000E+01 4.0063800E+02 5.5283600E+09 8.0631600E+09 
1.3335000E-01 3.2844000E-01 1.3308000E+01 3.8206200E+02 4.9800600E+09 6.8844400E+09 
1.4959000E-01 3.4069000E-01 1.3308000E+01 3.9965500E+02 4.9368400E+09 7.0091800E+09 
1.6585000E-01 3.5294000E-01 1.3308000E+01 4.2632100E+02 4.6916600E«09 7.1676800E+09 
1.8211000E-01 3.6519000E-01 1.3181000E+01 4.1682000E+02 3.9494600E+09 7.2716600E+09 
1.9837000E-01 3.7500000E-01 1.2848000E+01 4.0618600E+02 3.3865200E+09 7.0817000E+09 
2.1465000E-01 3.7500000E-01 1.2192000E+01 3.8142000E+02 2.9337400E+09 6.2445300E+09 
2.3089000E-01 3.7500000E-01 1.1561000E«01 3.5282200E+02 2.5689600E«09 5.0489600E+09 
2.4715000E-01 3.7500000E-01 1.1072000E+01 3.4947700E+02 2.3886500E+09 4.9484900E+09 
2.6341000E-01 3.7500000E-01 1.0792000E+01 3.4653800E+02 2.2719900E+09 4.8080200E+09 
2.9595000E-01 3.7500000E-01 1.0232000E+01 3.3933300E+02 2.0500500E+09 4.5014000E+09 
3.2846000E-01 3.7500000E-01 9.6720000E+00 3.3000400E+02 1.8282500E+09 4.2440700E+09 
3.6098000E-01 3.7500000E-01 9.1100000E+00 3.2199000E+02 1.5887100E+09 3.9952800E+09 
3.9350000E-01 3.7500000E-01 8.5340000E+00 3.1382000E+02 1.3619300E+09 3.7507600E+09 
4.2602000E-01 3.7500000E-01 7.9320000E+00 2.9473400E+02 1.1023800E+09 3.4471400E+09 
4.5855000E-01 3.7500000E-01 7.3210000E«00 2.8712000E+02 §.7580000E+08 3.1390700E+09 
4.9106000E-01 3.7500000E-01 6.7110000E+00 2.6334300E+02 6.8130000E+08 2.7342400E+09 
5.2358000E-01 3.7500000E-01 6.1220000E+00 2.5320700E+02 5.3472000E+08 2.5548700E+09 
5.5610000E-01 3.7500000E-01 5.5460000E+00 2.4166600E+02 4.0890000E+08 2.3340300E+09 
5.8862000E-01 3.7500000E-01 4.9710000E+00 2.2063800E+02 3.1454000E+08 1.8287300E+09 
6.2115000E-01 3.7500000E-01 4.4010000E+00 2.0029300E+02 2.3863000E+08 1.5841000E+09 
6.5366000E-01 3.7500000E-01 3.8340000E+00 1.7940400E+02 1.7588000E+08 1.3233600E+09 
6.8618000E-01 3.7500000E-01 3.3320000E+00 1.6509400E+02 1.2601000E+08 1.1836800E+09 
7.1870000E-01 3.7500000E-01 2.8900000E+00 1.5441100E+02 1.0726000E+08 1.0201600E+09 
7.5122000E-01 3.7500000E-01 2.5030000E+00 1.3893500E+02 9.0880000E+07 7.9781000E+08 
7.8376000E-01 3.7500000E-01 2.1160000E+00 1.2955500E+02 7.6310000E+07 7.0961000E+08 
8.1626000E-01 3.7500000E-01 1.7300000E+00 1.0726400E+02 6.1050000E+07 5.1819000E+08 
8.4878000E-01 3.7500000E-01 1.3420000E+00 9.8776000E+01 4.9480000E+07 4.5487000E+08 
8.8130000E-01 3.7500000E-01 9.5400000E-01 9.0248000E+01 3.9360000E+07 3.9512000E+08 
8.9756000E-01 3.7500000E-01 7.6000000E-01 8.3001000E+01 3.4670000E+07 3.5372000E+08 
9.1382000E-01 3.7500000E-01 5.7400000E-01 7.2906000E+01 3.0410000E+07 3.0473000E+08 
9.3008000E-01 3.7500000E-01 4.0400000E-01 6.8772000E+01 2.6520000E+07 2.8142000E+08 
9.3821000E-01 3.7500000E-01 3.1900000E-01 6.6264000E+01 2.3840000E+07 2.6171000E+08 
9.4636000E-01 3.7500000E-01 2.5300000E-01 5.9340000E+01 1.9630000E+07 1.5881000E+08 
9.5447000E-01 3.7500000E-01 2.1600000E-01 5.5914000E+01 1.6000000E+07 1.3788000E+08 
9.6260000E-01 3.7500000E-01 1.7800000E-01 5.2484000E+01 1.2830000E+07 1.1879000E+08 
9.7073000E-01 3.7500000E-01 1.4000000E-01 4.9114000E+01 1.0080000E+07 1.0163000E+08 
9.7886000E-01 3.7500000E-01 1.0100000E-01 4.5818000E«01 7.5500000E+06 8.5070000E+07 
$.8699000E-01 3.7500000E-01 €.2000000E-02 4.1669000E+01 4.6000000E+06 €.4260000E+07 
9.9512000E-01 3.7500000E-01 2.3000000E-02 1.1453000E+01 2.5000000E+05 6.6100000E+06 
1.0000000E+00 3.7500000E-01 0.0000000E+00 1.0319000E+01 1.7000000E+05 5.0100000E+06 
-- BLADE MODE SHAPES ---—— 
0.0622  BldFllSh(2) - Flap mode 1, coeff of x^2 


1.7254 — BIdFllSh(3) - + coeff of x^3 
-3.2452 — BldFllSh(4) - , coeff of x^4 
4.7131  BldFllSh(5) - + coeff of x*5 
-2.2555  BldFllSh(6) - , coeff of x^6 
-0.5809 — BldFl2Sh(2) - Flap mode 2, coeff of x^2 
1.2067  BldFl12Sh(3) - , coeff of x^3 
-15.5349 — BldFl25h(4) - , coeff of x^4 
29.7347 — BldFl2Sh(S) - + coeff of x^5 
-13.8255 BldFl2Sh(e) - , coeff of x^6 
0.3627  BldEdgSh(2) - Edge mode 1, coeff of x^2 
2.5337  BldEdgSh(3) - , coeff of x^3 
-3.5772  BldEdgSh(4) - , coeff of x^4 
2.376  BldEdgSh(5) - + coeff of x^5 
-0.6952 — BldEdgSh(6) - , Coeff of x^6 
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14 Appendix 


AeroDyn Input 


i mm hercUyn vid.04.* INEUT FILE 
T NPEL 5.0 Mi offshore baseline aerodynamic input properties. 
3  "BEDOGES" ‘Stelimed ~ Dynamic stall included [BEDQOES or STEADY] (unquoted string) 
1 "oar seca. - Use aerodynamic pitching moment model? |USE CM or NO CM] (unquoted string) 
» cern infWodel = Inflow model (ONIN or EQUIL] (unquoted string) 
E NE indMcdel = Induction-factor model (NOME or WAKE or SWIRL] (unquoted string) 
" 0.0068 Aoler = Induction-2actor tolerence (convergence criteria) (=) 
“man Todel = Tip-loss model (EQUIL only) (PRANDEL, GTECK, or NOME] (unquoted string) 
E CTMANDUI BlMode! = Mub-loss model (EQUIL only) [PRANdt! or NONE] (unquoted string) 
10 — "NEWIOWER* TwrShed = INSTEAD Of: 0.0 ‘TwrShed = Tower-shadow velocity deficit (=) 
u True TwrPotent - Calculate tower potential flow (flag) INSTEAD OF 9999.9 SnadiWid - lower-shadcw half width (m) 
13 Pelee Terfhadow = Calculate tower shadow (fleg) INSTEAD OF 9555.5 ToShed Refpt- Tower-shadow reference point (m) 
is Kien 9M MercDym Iower.dat* — Twrfile = Tower drag file name (quoted string) 
E CalciwrMero - Calculate aerodynamic drag of the tower at the LlastoDyn nodes. TwrPotent must bé true. 
is * as Airtens = Air density (kg/m^3) 
ie 1M ESOS Bu ~ Kinematic air viscosity [CURRENTLY IGNORED] (m*2/sec) 
Ty 0.0128 - Time interval for aercdynanse calculations (sec) 
LI H Weil - Womper of airfoil files (-) 
10  "AereData/Cylimderl.dat" Foris 7 Names of the airfoil files [NumFo1] limes] (quoted strings! 
"hercDara/Cylinder.dat" 
"CiercData/DU4O AL7.dat^ 
"hercoData/DU35 A17.dat* 
*ezcDeca/2030 A17.dac* 
"MercData/UU2$ AL7.dat* 
TereData/DU21 Al7.dat* 
"AMerCDRta/NACAE4 Al7.dat" 
1? Bidilodes - Numper of bilade noes used for analysis |-! 
Boden MeroTwst DRoicdes Chord MOSS Pentin 


2.8647000E«00 1.3308000E*01 2.7333000£«00 3.9420000E00 
$.6000000«00 1.3300000£e01 2.7333000£«00 3.5540000£«00 
8.33320008000 1.3300000e01 2.7333000£400 
1.1750000£«0] 1.3308000f01 4.1000000E+00 
1.58$00008«01 1.1480000£«01 4.1000000£«00 
1.99$0000£«01  1.01€2000£«01 — 4.1000000£«00 
2.40800008«0] 5.0110000000 4.1000000£«00 
2.81$0000£«01 7.7950000E«00 4.1000000£«00 
3.2239000£«01  €.$440000E«00 — 4.1000000£«00 
3.63$00008«01 $.1610000£e00 4.1000000£400  3.8020000£e00 
4.04$0000£«01  4.1880000E«00 4.1000000£«00 3.25E0009E00 
4.4550000£«01 3.1250000fe00 4.1000000£«00 3.0100000£«00 
4.M4$0000£e01 2.3190000£e00 4.1000000£«00 2.7440000£«00 
$.2750000£«01 1.5260000£«00 4.10000008«00 2.51800008«00 
$.61€£700E«01  8.65300000£-01 2.7333000£«00 2.3130000£«00 
$.0900000£«01 3.7000000£-01 2.7333000£400 2.0840000E+00 
€.1633300£«01 1,.0600000£-01 2.7333000£«00 1.4190000£«00 


worin 
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14.6 ASE Validation - Comparison of Timeseries 


ServoDyn Input 


n—("———— 
SHEL 5.0 15 Baseline Land-Based Wind Turbine 


M ————- SINTLATION CONTROL mono nn = 
False Ems - Echo input data to <Gootliame>.ech (flag) 
“tale Dr - Commantcation interval for controllers (0) (or “Setesie*) 


- PIICN OONTACL 
Zh control mode (0: sone, 3: user-defised from routine Pitchineri, 4: ceer-defines from Simclinl/Labview, $: user-defised frcm Bla 
= Tine te enable active piech ecatrol (| [usused when POMsde-0] 

$8.6  TixManf(l) - Time to start override pitch manesver for blade | and end standard pitch control (s) 

5455. TPitManSi2} ~ Time to start override pitch saneuver for blade 2 and end standard pitch control (s) 

$6.6 Thionail) - Time co start override pitch maneuver for blade 3 and end standard pitch control (s) funaned for 2 blades] 

FitMasRat(l) - Pitch rete at which override pitch maneuver heads toward final piech angle for blade ì (seg/s) 


1 3 PitMasRati2) - Pitch rete at which override pitch maneuver heads toward final pitch angle for blade 2 (oeg/s) 
2  WitMasRat(3) - Pitch rate at which override pitch maneuver heads toward final pitch angle for blade 3 (deg/s) jusused for 2 blades] 
9  NWiPitchFii) - Blade I final pitch for pitch maneuvers (degrees) 
i à Bit = pitch for piteh maneuvers (degrees) 
iy © BiPitchF(3) - Blade 3 final pitch for pitch maneuvers (degrees) [unused for 2 blades; 
" - - GESERATCR AND TORQUE CONTROL = m- - 
is ViContrl  - Vatiabie-speed control mode (0: meee, li simple VS, J: aper-defsnes from routine DeerUsCcnt, 4: user-defined from Simolint/Labview, $ 
x detodel = Generator model (1! simple, 2: Thevenin, 1! user-defines from routine Dserien) (sviteh) [used only wien YSContri=0) 
= Generator efficiency [ignored by the Thevenin and user-Sefined generator models] {N} 
Gesti$te = Method to start the generator (I: timed using TisGencn, Fi generator speed using Spadends) (flag) 
GenTiStp  - Method to atop the generator (Ti timed using TimóenOf, T: ween generator power = ©) [flag] 
prn * (eserator speed to turn on the generator for a startup (833 speed) (rpm) [used only when QesTiStr-f'aiet] 
Timgenon -Tise to turn on the generator for a startup (a) (used only when GewTiStreTrue] 


Tim Genof = Time tc tuza off the generator (s) [used only when GenTiStpeTrwe] 
— SIMPLE VARIABLE-SPEED TORQUE CONTROL 
VS Runfp = Rated generator speed for simple variable-speed generator ccatrol (M38 side) (rpm) [used caly when V3Cretrlel 

V3 ORITQ - Razed generator tonque/constant geseretor torque in Region J for simple variable-speed generator comizol (ESS side) (N-m) [used caly 
VSAK = Generator torque constant in Regiom 2 for simple veriabie-speed generetor control (MSS side) (-m/rpm'i) [used cely when VSCoetriel] 
LE = Rated generator slip percentage in Region 2 1/2 for simple variable-speed generator control (4) [used only when VSContrlel] 

= SIMPLE INDOCIION GENERATOR = 
Sifc = Rated generator slip percentage (A) [used only when YSCcatrle0 and GenMode! 


O $yp = fyschroocus (zero-torque) generator speed (rpm) (used oniy when V$contrie? and GenModele: 
1 


Ta * Rated torque (N-a) (used only when VSCentrle) and GesModel. 
X -eut fatio (Tpollout/Trated) (-) [used only when V9Contrt 
anenee THEVENIS-EQUIVALENT INDUCTION GENERATOR «===-nne0 


Wore. TEC Freq — - Line frequency ($0 or 42] (MS) [used saly when ViContrleü and GatModele2] 

S952 TEC Bol = Bamber of poles [even integer > 0] (-) [used caly wien VSCzetrle? and DenModelel] 
Wiss TEC SPee  - Stator rewiwtance (shes) [used only when ViCcnrrie0 and Genbodelel] 
95.9 TEC Mes -~ Rotor resistance (chas) [used caly when V?Contrle! asd GetModele2] 
Wes TEC VIL - Lime-to-line RNS voltage (volta) (used oniy when VéConzrle) end GesModele2] 
m. TEC SUR = Stator ieakage reactance (ches) [used caly when VScoetrle) and Gertiodel=2) 
MO TEC PLR - Resor leakage reactance (chma) [used caly whea ViContri=? amd Genttodei@2] 


Ssss. TEC pm > Magnet: reactance (ches) [used only wen VSCcatrieó and Uentiodel=2) 
“_— T- WiGN-SPEXS SNAFT BAAXK ---—------------—---------—----—- 
st D MSSBemede = HSS brete model (0: sose, 1: simple, 3: user-defined fres routine Daerf*SBr, 4: user-defised from Simultsk/labview, S: user-defised f 
" 9999.9  TESSRzop  - Time to initiate deployment of the NSS breke (9) 
” oe assorat = fime for MSS-brake to reach full deploymest cece initiated (sec) [used only wien BéSbrsodeul] 
e 3916.2 RESMI - Pally deployed K33-brake vorge (N-n) 
u M M9 NACELLE.TAN CONTROL mmnmnnnnnnn nennen ==: 
s 0 YOese - Tew control mode |0: nome, Ji wwer-defined from routine Userlewcont, 4: user-defined from Jimulist/Labwšew, $i user-defined from Kad 
9.5 Tete + Tise te enable active yaw control (a) [utused when YONódee0] 
o Yeates - Beutral yew position—yow spring force is zero at chia yew (degrees) 
5.02932£«09 YavSpr ^ Macelle-yew spring constant (N-R/rad) 
1.814R«07 — Yeap - Wacelle-jww damping constant (N-m/ (T64/ 0) ) 


990.9 Themes = Time to start override yav maneuver and gad standard yaw contr 
- Yew maneaver seve (im absolve value) (deg/s) 
= Final yew angie for override yaw manewrere (degree 
TUD NASS CAMPER — 
HO fal» Come  - Compute tacelle tuned mass danger (true/false) (flag 
© "NRELOffshrBSlize M ServoOyn IMD.dat" è WIMDfile = Name of the file for nacelle tured mass damper (quoted string} [unused when CcmpNTMD is false] 
© false CompTTMD = Compute tower tuned mass damper (true/false) (flag) 
44 "MAELO tehrBalizeM_Servodm DMO.dat — TIMDfile = Name of the file for tower tuned mass damper (quoted string) [unzsed when CcepTTMD is false] 
- MADE INTERNAT (used only with Blades Interface] 
44  "Serw:Deta/DISCOS wé4.dil* DLL FileBame - Same/lecation of the dynamic library (‚All [Windows] or „ms [Limmx]) im the Bladed-DLL format (-) [used caly with Bla 
= Rane of input file sent to the DLL (=) [used oniy with Mladed Interface] 


i Disco” = Mame of procedure in DLL to be called (-) [case sensitive: used only with ILL Interface] 

M estout” - Commenteaticn interval for dysamic library (9) (or "default*] [used oniy with Mlased interface] 

T false ~ Wether a lisear rasp should be used between DIL DT time steps [introdaces time shift when true] (flag) [used caly with Bladed Ieterf 
X - Guttaff frequency for Lou-pasa filter on blade pitch from DLL (Nr) [used cely with Blades Interface) 


O Maclay Jiorth » Reference yaw angle of the nacelle when the upwind end pointa due Mort (deg) [used cely with Bladed Interface] 
O Puch Ctrl - Record 28; Use individual pitch control (Ô; collective pitch; 1: individual pitch control) (switch) [used caly with Bladed Interface] 
O Preh fethet = Record S: Belowrated pitch angle set-point (deg) [used oniy vith Sleded Interface] 

Ò PeshoMin  - Record é: Minimum pitch angle (deg) [used only wich Bladed Interface] 

O Pech Max = Record 7: Maxisum piech angle (deg) [used only vith Bladed Interface] 

0  PrchBare Min - Record fi Minimum pitch rate (most negative value allowed) ideg/s) [used only with Bledeg Interface] 

° 

9 

o 

o 

E 

9 


PichRate Max = Record 9: Maximum pitch rete  (deg/s) [used only with Blades Interface! 

Gain OW - Record l6: Optimal mode geim Umw/(red/s)"2) [used only wich Bladed Interfece] 

Genspd Miso = Record 17: Minimum generator speed (rpa) (used only vith Blades Interface] 

Genipd MAXOM - Record it: Opsimal mode maximam speed (rpm) [used only With Bladed Interface] 

Genfpd Dem = Record 19: Demanded generator speed above rated (rpm) [used only with Biased Interface] 
GewIrq Dem - Record 22: Demanded generator torque above rated (Nm) [used only with Bladed Incertece] 


“ 0  GenPwr Dem = Record 13: Demanded power (W) [used only with Bladed Interface] 
WE mn WAS INTERFACE TORQUER-SPEED LOOK-UP TABLE ------------- 


= Record lé: So. of points in torque-speed Look-up table (0 = none at use the optimal mode parameters: nonzero = ignore the optimal mo 


“ um 
= Frist wumeary dete to Dootiene>. sum (fleg) (currently sausam) 

Switch zo determine where cutpat will be placed: [li in modale output file oniy: 2; am glue code output file oniy; Jı both] (currenti 
se tab delimiters in text tabular output file? (flag) (currentiy weused) 

= Format used for text tabular output (except time). Resulting field should be 10 characters. (quoted string) (currently unused) 

= Tine to tegis tatular cutput (s) (currentiy wiused) 

= The next line(s) contains a list of output parameters. See DutlistParamerers.Xlsr for a listing of available curpur chanzels, (=) 
“denhes” = Riectrical generator power asd torque 

"eng" = Electrical gemesator pover asd torque 

M GRD ef input flle (the word "EIS" must appear in the first ) columns of this 
He 


st Qotlist lise) 


14.6 ASE Validation - Comparison of Timeseries 


The following plots contain the timeseries where the extreme FA bending moment (TwrBsMyt) 
in the comparison study of Jonkman [110] and in the own ASE load simulation occurred. The 
first plot contains the bending moments, the second plot shows the corresponding pitch angles 


of blade 1 (BldPitch1), and the third plot shows the main wind speed (Windl Velx). Note that 
the values of these load sensors are raw without post processing, such as applied partial safety 
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factors. The arithmetic mean and the standard deviation of TwrBsMyt in both timeseries were: 
fi = 29.164 MNm and c: = 11.046 MNm in the comparison study [110] and ~ = 29.501 MNm 
and c = 11.438 MNm from the own ASE simulation. Note that a dip in the pitch angle 
occurred simultaneous with the extreme load of the FA tower base bending moment, but no 
numerical instability was observed. The dip was caused by an abrupt drop in the wind speed, 
which forced the control region to change from 3 to 2. The fast pitch angle adjustment should 
improve the wind energy conversion efficiency, while higher loads were tolerated. The wind 
speed in the comparison study dropped at the interesting point of time to a slightly lower value 
than in the own analysis, wherefore a higher resulting TwrBsMyt was reasonable. 
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14.7 ASE Validation - FAST Tower Aerodynamics Input File 
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14.7 ASE Validation - FAST Tower Aerodynamics 
Input File 


This is the new tower aerodynamics input file for calculation of the reference WT extreme 


loads. 
AeroDyn Tower Input 
E NREL 5.0 MW baseline land-based aerodynamic tower CD input properties. 
2 Used with AeroDyn 13.00.00 hidden tower influence feature. 
3 12 NIwrHt - Number of tower input height stations listed (-) 
4 16 NIwrRe - Number of tower Re values (-) 
5 1 NIwrCD - Number of tower CD columns (-) Note: For current versions, this MUST be 1. 
€ 0.0 Tower Wake Constant - Tower wake constant (-) {0.0: full potential flow, 0.1: Bak model} 
I ———————— ————- DISTRIBUTED TOWER PROPERTIES ---------------------------- 
8  TwrHtFr TwrWid NIwrCDCol 
5 0.00000 6.000 1 
10 0.09733 5.787 1 
11 0.19467 5.574 1 
12 0.29200 5.361 1 
13 0.38933 5.148 1 
14 0.48667 4.935 1 
15 0.58400 4.722 1 
l6 0.68133 4.509 1 
17 0.77867 4.296 1 
18 0.87600 4.083 i 
19 0.97333 3.870 1 
20 1.00000 3.870 t 
O —— ———————————— Re v CD PROPERTIES -------------------------------------- 
22  TwrRe TwrCDl TwrCD2 TwrCD2 
23 0.010 1.11 
24 0.020 1.20 
25 0.122 1.20 
26 0.200 1.17 
27 0.300 0.90 
28 0.400 0.54 
29 0.500 0.31 
30 1.000 0.38 
31 1.500 0.46 
32 2.000 0.53 
33 2.500 0.57 
34 3.000 0.61 
35 3.500 0.64 
36 4.000 0.67 
37 5.000 0.70 
38 10.000 0.70 
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14.8 Rotor Blades Extreme Root Bending Moments 
Under Different Conditions and DLCs 


25 

EE CalciwrAero = True Ge CalcTwrAero = True, mod. controls | 
20 WEM CaicTwrAero = False EEE CalcTwrAero = False, mod. controls | 
10 
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14.9 Extreme Loads from ASE Simulation of the Reference WT 


14.9 Extreme Loads from ASE Simulation of the 
Reference WT 


Some extreme values of relevant sensors from the ASE simulation of the 5 MW baseline 
land-based NREL reference WT are summarized in the following tables. Thereby, the adjusted 
control settings for DLCs with shut-down event or extreme wind parking situations are applied. 
More detailed descriptions of these settings may be reviewed in subsection 3.5.3. 


Wind Speed 


r2.21E+04  4.88E*03  4.42E*01 3.22E+03 
2.15E+04  4.88E«03 3.97E+01 3.31E«03 
-3.97E*02 -7.17E*02 -3.47E+01 -2.89E+03 
3.60E+03  5,57E«03 3.90E+01 5.31E403 
-1.13E403 -3.45E+02 -5.33E+01 -4.50E+03 
5.59E«03 4.75E+03 4.74E+01 4.52E«03 


Tower Top Displacements 


-449E-01 -2.31E-02 2.466401 0.00E+00 
7.30E-01 -6.96E-02 0,00E*00  1,91E*01 -7.54E-04 6.64E+01 
2.97E-01 -3.60E-01 0.00£+00  2.29E«01 1.78E+00 6.51E+01 
-4.13E-01 4.17E-01 0.00£«00  2.80E*01 4.68E+00 6.68E+01 
4.42E-02 -2.53E-02 0.00E«00 4.71E+00 -2.05E-01 3.00E401 
4.42E-02 -2.53E-02 0.00E«00  4.71E«00 -2.05E-01 3.00E+01 


Rotor and Generator 


-2.65E+04 -3.15E«02 1.01E-02 O0.00E+00 3.31E+02 2.16E+02 6.46E+01 5.57E+02 
2.536404 1.91E+02 -1.14E-02 0.00E+00 -1.96E+02 -3.42E+02 -5.62E+01 1.95E+01 3.77E402 
5.66E+03 -6,92E*02 1,09E+01 1,06E+03 3,96E+02 3,12E+02 2,29E+01 1,78E+00 6,51£+01 
5.25E«03 9.93E«02 1.09E«01 1.05E+03 -1.77E+01 -4.13E+02 2.71E+01 5.02E+00 6.67E+01 
-5.00E*01 -1.96E*00 -1.89E*02 1.61E*02 1.92E+01 6,99E*00 6.47E+00 1.10E+02 
-7.22E+01 1.79E«01 1.75E«03 1.43E+02 9.74E+01 1.19E+01 0.00E+00 6.94E401 
-7.09E*01 -1.95E+00 -1.90E*02 1.68E+02 3.61E+01 7.00E+00 6.28E+00 1.11E402 
-7.22E*01 1.79E+01 1.75E*03 1.43E+02 9.74E+01 1.19E+01 0.00E+00 6.94E+01 
-1.17E+03 -7.23E*01 1.47E*01 1.43E+03 -7.60E*02 -8.90E+02 2.43E*01 0.00E+00 6.95E+01 
6.34E*03 -1.37E+01 1.35E+01 1.30E+03 1.72E*03 1.28E+03 1.72E+01 -1.07E-04 6.70E+01 
-9.93E+02 -7.39E+01 1.48E+01 1.44E+03 -7.58E+02 -8.93E*02 2.46E+01 0.00E+00 6.94E+01 
5.57E*03 -2.90E+01 1.28E+01 1.24E+03 1.35E+03 1.31E+03 1.90E+01 0.00E+00 6.63E+01 
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-2.58E«02 -5.33E-01 -1.97E+02 8.09E+02 -6.54E+03 -1.65E«02 2.58E«02 — 6.59E«03 -1.01E+01 5.74E+01 2.76E402 
T7.OGE+02 -5.22E+02 6.00E+02 1.45E+04 2.38E+04 -2.00E*02 8.78E«02 — 2.79E«04 — 2.02E«01 2.65E+00 6,59E+01 
6.51E+02 -5.74E«02 8.14E*02 1.56E*04 2.11E*04 -1.18E402 8.68E«02 — 2.62E«04 — 4.65E«01 3.84400 6.58E+01 
7.A1E+00 3,43E*02 -2.39E+02 -8.33E+03 -1.05E*03 -1.17E+02 3.43E«02 — 8.40E03 — 5.47E«01 9.62E+00 3.96E+02 
3.41E+01 5.61E+01 -249E+02 2.45E*«03 6.98E«01 -1.53E*02 6.56E+01 2.45E+03 — 5.87E«01 8.586400 1,90E+02 
2.91E«02 7.63E+01 1.74E*03 -3.34E«03 5.12E+03 -1.34E+02 3.01E+02 — 6.12E903 — 3.41E«01  -2.25E-03 6.74E+01 
7.23E+01 3.12402 -2,44E+02 -8,90E*03 1.36E+03 -8.37E«01 3.21E+02 — 9,00E«03 — 4,59E«01 -3.88E+00 6,35E«02 
6.06E+02 -5.57E«02 8.20E+02 1,58E*04 2.00E+04 -1.60E«02 8.23E+02 — 2.55E«04 — 3.99E«01  3.57E«00 6.59E+01 
-2.29E«02 -1.96E«02 8.24E+02 3.16E+03 -1.09E404 9.23E+01  3.01E«02 — 1.14E«04 2.42E+01 0.00E+00 7,00E+01 
6.78E«02 -3.53E+02 4.94E«02 9.72E+03 2.59E«04 -2.55E«02 7.64E+02 — 2.76E*04 — 7.65E«00 2.49E+01 7.53E+01 
-1.28E+02 -2.46E*00 7.11E+02 6.56E*01 -4.84E+03 -2.73E*02 1.28E+02 — 4,84E*03 — 1.78E«01 2.16E+01 6.86E+01 
4.556402 -5.94E+01 9.50E+02 5,07E«02 1.53E+04 2.28E«02  4.59£402 — 1.53E«04 1.89E+01 0.00E+00 6.66E«01 
3,38E-02 1.30E-01 -1,93E+02 -1.74E+03 6.46E+02 -5.68E«01 1.35E01 — 1.86E«03  -4,59E«01  7.76E-02 4.30E«02 
6.82E+02 -5.68E«02 8.06E+02 1.52E+04 2.17E+04 -7.85E«01 B.88E*02 — 2.65E«04 — 4.74E«01 4.25E+00 6,57E+01 
6.96E*01 -1.54E+01 -1.97E+02 -1.31E-01 -1.48E+00 -1.18E+02 7.13E«01 — 149E«00 8.79E+00 -5.34E+01 6.59E+02 
7.06E+02 -5.10E+02 5.89402 1.44E«04 2.40E+04 -2.01E402 8.71E«02 2806+04 — 2.20401 2.806+00 6.59E+01 


-299E«02 2,68E+01 1.12E+03 -1.64E*03 -1,35E+04 1.22402 3,01E402 2.46E+01 0,00E+00 6.94E+01 
647E*02 -3.94E«02 8.04E402 9.91E403 2.29E«04 -1.06E402 7.57E+02 2.506404 — 3.16E*01 1.6BE+00 7.95E+01 
-9.58E*01 -6,92E«02 4.24E«01 1.96E«04 -2,04E+03 -3,65E«02 6.99E+02 — 1.98E«04 -2.75E+01 5.72E+01 5.64E402 
5.42E«01 4,31E«02 7.35E401 -1.40E+04 -2.24E402 -1.57E402 4,35E«02 — 1.40£404 5816+01 -6.71E+00 6.50E+02 
111E*01 -6,33E+01 -2.37E*02 3.23E403 -1.32E+02 -1.30E+01 6.43E+01 — 3.23E«03 2.78E+01 -1.83E+00 5.82E402 
1.26E«02 -6.10E+01 1.71E*03 1.386+03 3.22E+03 -1.51E+02 1.40E+02 3.50E+03 — 1.29E*01 -1.50E-03 6.95€+01 
6.53E*01 4.31E+02 7.53E«01 -L41E*04 1.27E+01 -1.54E+02 4,36E«02 — 1.41E*04 — 5,68E401 -6.92E«00 6.50E«02 
-9.47E*01 -6.89E402 4,01E«01 1.97E404 -1.99E403 -3.59E«02 6.95E+02 — 1.98£404 -2.83E+01 5.70401 S.64E+02 
-2.86E«02 8.94E-03 1.24E403 -9.96E«02 -1.35E«04 8.66E«01  2.86E«02 — 1.36E«04 — 2.39E401  -1.66E-03 6.96E401 
6.236402 1.34E+02 6,50E+02 -6.62E+02 2.40E904 1.40E+02  6.37E«02 — 2.40E«04 — 1,89E401 -2.50E+01 7.63E401 
-L14E402 -6.14E402 6.39E401 1.61E+04 -1.856+03 -4.84E«02 6.25E+02 1.62E+04 —-6.01E«01  2.61E401 2.88E402 
4,S7E+02 1.74E*02 7.34E402 -4.03E«03 1.55E+04 3.38E*02  4,89E«02 — 1.60E«04 1.89E401 0.00E+00 6.66E401 
-1.82E-01 -1.61E-01 8.37E401 -2.32E+03 4.20£402 1.78402  2.43E-01 2.36£+03  -4.60£401 -3.28£+01 5.03E402 
6.47E+02 -3.94E«02 8.04E+02 9.91E«03 2.29E+04 -1.06E«02 7,57E«02 2.50E+04 3.16E+01 1.68E+00 7.95E401 
1.13E«01 4.66E401 -2.14E+02 -2.16E+00 -1.44E-02 -1.00E401 4.79E*01 — 2.16E*00 — 2.36E*01  8.45E-02 1.33E+02 
6.42E«02 -3.99E402 7.87E«02 1.01E«04 2.29E+04 -1.10E«02 7.56E«02 — 2.50E«04 — 4.24E«01 1.91E+00 7.95E401 


-2.79E«02 -7.55E*01 7.88E+02 -9,27E+02 4.63E+01 2.89402 — 1.26E*04 6,00E+01 -4.30E+00 6.78E+01 
6.83E«02 -3.21E+02 5.63E«02 8.91E«03 2.61E+04 -1.99E«02 7.55E«02 — 2.75E«04 — 7.32E«00  2.49E«01 7.69E+01 
4,25E*02 -5.16E*02 9.02E+02 1.23E+04 1,22E*04 .5,33E«01 6.686402 — 1,73E«04 — 2.25E*01 -3.63E*00 2.31E+02 
3.89E«00 5.37E402 6.76E+01 -1.49E«04 5.66E«02 3.36E«02  5.37E402 — 1.49E*04 — -4.94E*01 -3.82E+01 3.32E+02 
2.19E-01 1.17E«02 -2,40E402 -3.91E+03 -6.05E«02 -4.86E«01 1.17E+02 — 3,95E«03 — 2.71E*01 2.73E+00 3.84E+02 
4.30E+01 -9.10E+01 1.826403 4.78E+02 -2.36E«03 -1.87E+02 1.01E+02 2.41E+03 3.26E401 -8.12E-03 6.80E+01 
3.89E+00 5.37E+02 6.76E+01 -1.49E+04 5.66E«02 3.36E+02 5.37E+02 1.49E+04  -4.94E*01 -3.82E«01 3.32E+02 
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1. Einleitung 

Bei Windenergieanlagen mit horizontaler Rotorachse wird die Ausrichtung der Rotorblätter in 
den Wind durch ein drehbares Lager, welches direkt unter der Gondel liegt, realisiert. Untersu- 
chungen haben gezeigt, dass es sowohl wirtschaftlich als auch umwelttechnisch interessant ist, 
das Azimutlager vom Turmkopf zum Turmfuß zu verlagern, so dass der komplette Turm mit 
gedreht wird. Ein drehbarer Turm hátte die Vorteile, dass dieser geometrisch bezüglich Luftwi- 
derstand und Tragfähigkeit optimaler als bisherige rotationssymmetrische Türme gestaltet wer- 
den kónnte. Die Ausrichtung auf die aktuelle Windrichtung bei einem strómungsoptimierten 
Querschnitt hátte zur Folge, dass die Windlasten, die auf den Turm einwirken, reduziert werden 
kónnen. Durch ein an die Hauptbelastungsrichtung angepasstes Fláchentrágheitsmoment des 
Turmquerschnittes kónnte Material und somit Kosten eingespart werden. Darüber hinaus kónn- 
te eine Geometrie realisiert werden, die den Luftwiderstand und die turbulenten Wirbelanregun- 
gen auf den Turm reduzieren. 
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2.  Gutachtliche Stellungnahme 

Durch die Verlegung des Azimutlagers von der Gondel zum Turmfuß verändern sich die Belas- 
tungen auf das Lager um ein hohes Maß. Das Lager muss neben dem zusätzlichen Gewicht 
des Turmes wesentlich größere Momente durch den verlängerten Hebelarm zwischen Rotor 
und Turmfuß aufnehmen. Die Umgestaltung des Turmes begünstigt jedoch eine im Turmfuß 
gelegene Lagerung in Bezug auf die Lasten. Das Gutachten ist eine methodische Betrachtung 
eines Azimutlager Konzeptes, um die Machbarkeit zu prüfen. Die Machbarkeit der Lagerverle- 
gung an den Turmfuß ist gewährleistet, sobald ein Konzept gefunden wird, welches ausrei- 
chendes Potenzial für die wirtschaftliche Umsetzung aufweist. 


Abb. 2.1: Mögliches Lagergesamtkonzept 


Die Abb. 2.1 zeigt ein mögliches Lagerkonzept, welches einen großen Vorteil gegenüber den 
bisher betrachteten Lösungen aus den vorangegangenen Arbeiten bietet. In [3.1] wurden bis- 
lang ein Gleitlager und ein zweireihiges Vierpunktlager am Turmfuß beschrieben. Die Nachteile 
dieser Ansátze ist das hohe Kippmoment, welches aufgenommen werden muss. Aufgrund des 
größeren Abstandes zwischen den Lagern B und C wird das Kippmoment aufgeteilt. Es können 
somit relativ klein dimensionierte Bauteile verwendet werden, wodurch deutliche Einsparungen 
im Vergleich zu den vorangegangenen Konzepten zu erwarten sind. 


Die Separierung zwischen Lagern für axiale und radiale Kráfte ermóglicht zusátzlich zielgerich- 
tetes Konstruieren ohne Kompromisse in Bezug auf die Belastungsrichtung. Ein weiterer Ansatz 
wáre das Lager B zu entfernen und Lager A als Festlager auszulegen. Dies würde den Vorteil 
der Separierung der Kráfte eliminieren — kónnte jedoch durch die Einsparung eines Lagers noch 
kostengünstiger sein. Es lassen sich in jedem Fall alle Verschlei&teile ohne Demontage des 
Turmes austauschen und warten. Das axiale Lager A kann durch einfaches Anheben des Tur- 
mes mittels Hydraulikstempeln ausgetauscht werden. 
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Abb. 2.2: Schematische Schnittdarstellung X-X eines radialen Lagerungsansatzes für Lager B 
und C 


Die vorgespannten Lagerrollen der radialen Lager B und C kónnen nach dem Entwurf in Abb. 
2.2 einzeln entspannt und ausgetauscht werden ohne den Turm demontieren zu müssen. 
Turmseitig dient eine runde Lagerscheibe dazu, die Kráfte vom profilierten Turmquerschnitt in 
die Lagerrollen einzuleiten. Durch Optimierung der Topologie kónnen sámtliche Bauteile noch 
materialsparender ausgelegt werden. Die Lager B und C kónnen sowohl überirdisch als auch 
unterirdisch vorgesehen werden und somit mögliche Anforderungen an die Optik der Anlage im 
Landschaftsbild berücksichtigen. 
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3. Zusammenfassung 


Zusammenfassend gibt es mit den begutachteten Lagerkonzepten mindestens zwei Lósungen 
in der die Probleme der 


* hohen Momente am Turmfuß 

e hohen Kosten einer Lagerung am Turmfuß 
gelóst werden kónnen. Es ist durchaus denkbar, dass eine Optimierung dieses Konzeptes oder 
weitere Konzepte zu einer noch besseren Wirtschaftlichkeit führen kónnen. Die Verlegung des 
Azimutlagers zum Turmfuß bietet sehr hohes Potential für eine ressourcenschonende und somit 
umweltschützende Alternative zu konventionellen Bauweisen von Türmen für Windenergieanla- 
gen. 


Das Vorhaben kann dazu führen, dass die Bauweise zukünftiger Windenergieanlagen neu 
überdacht wird. Die Machbarkeit einer Verlegung des Azimutlagers in den Turmfuß ist gewáhr- 
leistet. Da durch das Forschungsvorhaben ein innovatives, wirtschaftliches und umweltscho- 
nenderes Potential freigesetzt werden würde, empfehle ich das Promotionsstipendium für das 
Thema "Entwicklung eines energieeffizienten und nachhaltigen Windenergieanlagenturm- 
Konzeptes mit Azimutlager am TurmfuB (Profilierter Windenergieanlagenturm)" zu bewilligen. 
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14.11 Transition between Shells and Plates 


Local stability failures are based on the stresses inside a shell or a plate and its boundary 
conditions where plates are shells with radius r = œo. In general, plates are treated within 
the plate theory and shells are treated within the membrane theory. Different profiles, such as 
plate like, ideal shell like and intermediates are expectable for rotatable tubular WT towers. 
Therefore, following statements should lead to extract the most relevant influences in terms of 
stability for arbitrary plates and shells, respectively. Shells with an ideal shape and without 
imperfections such as small local buckles and residual stresses sustain the membrane state of 
stress if deformations are not hindered [149]. Local shell buckling depends on the relation 
r/t, with r as the shell radius. This is visible through the statements within the Eurocode 3 
DIN EN 1993-1-6:2010-12 [44], which regulates steel shell designs and provides r/t limits 
according to meridian buckling 


E 
7 «0.03 —., (14.1) 
t Jyk 
circumferential buckling 
E 
Z < TT IN - (142) 
t yk 
and shear buckling 
; E V6 
- € 0.16 (=) (14.3) 
t Jyk 


for unstiffed cylinder shells with constant wall thickness. If these limits are respected, cor- 
responding buckling checks need not to be done. The general meaning of this is that local 
shell buckling resistance increases with decreasing r/t. This relation alone is insufficient to 
represent plate like profiles and to compare them with shell-like profiles, because r/t = co for 
plates. But plates have the ability to sustain normal stresses, which is not suggested by the r/t 
ratio. However, to acquire this problem, explanations from Wiedemann [195] are used. Plate 
buckling can be described according to the expansion of the fourth order bending line theory 
differential equation for beams with constant bending stiffness under axial force N 


à^w Ow 


Ely — +N — 
B gxt öx? 


= q(x), (14.4) 


where q(x) equals to a line load. The expansion of equation 14.4 for plates considers pressure 
loads Nx, Ny and shear loads Nyy = Ny, at the borders according to Petersen [149]. 


= q(x,y). (14.5) 


E Ig (ðw tw ðtw ^w 02w ^w 
+ + Nx —— +2 Nya + Ny = 
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Practical civil engineering checks without the over critical nonlinear behaviour of a plate are 


based on equation 14.5. Solving this equation for specific load cases leads to the critical plate 
buckling stress 


ehe a (14.6) 
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with the buckling value ko and the geometric influence of plate wall thickness ¢ divided by its 
width b squared. Buckling value ko contains the influence of the outer plate dimensions, such 
as its width b and length a. Plates under normal stresses on > ogi will experience a certain 
amount of buckling half waves m in longitudinal and n in lateral direction dependent on the 
aspect ratio a/b. Kinds of plate support do have also influence, but are assumed as monovalent 
at each edge. For practical applications m and n should be selected according to the minimum 


of ko within 
n? na mbV 
ko = n? + ] (14.7) 
12 (1 - v?) mb na 


because this leads to the first and therefore most relevant failure mode. Incidentally, ogi equals 
to the bifurcation stress until a plate starts to buckle and can also be found in the Eurocode 3 
norm DIN EN 1993-1-5 [43] where term z?/ [12 (1 — y?j] is included in equation 14.6 instead 
of in the definition of ko in Equation 14.7. Furthermore, occurring shear stresses have to be 
mentioned similar to Equation 14.6 within 


t2 

ns = kr E(^) (14.8) 
b 

Previous remarks are only valid for plates with monovalent supported borders and constant 

stress distributions along the edge. Therefore, other configurations will lead to different critical 

buckling stresses, such as shown in Figure 14.1 where different plates with varying stress 

distributions and supports are compared. 


Figure 14.1: Buckling value dependencies for different aspect ratios a/b and edge supports [195] 


Buckling value ko got the little additional index y to mark it as bending load distribution 
dependent buckling value. The monovalent supported plate under uniform distributed in-plane 
compression loads is the most critical situation except for plates with free edges. Any kind 
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of increasing border support in terms of divalent or trivalent borders will increase the critical 
buckling stresses. To compare shell and plate like behaviours Wiedemann [195] proposes 
a curvature parameter Qcp based on Timoshenko and Gere [186] to describe the proportion 
between membrane and bending support of a shell. It is build out of the plate bending stiffness 
B-EJDC[|12 (1—»?)] and the membrane stiffness D = E t according to 


Dp py 
Q == 12(1- J ut M 14. 
BE Br ii (=) (14.9) 


Small lateral curvatures increase the buckling values compared to plates (Ocp = 0) and lead to 
a curvature parameter dependent buckling value 


n? n? 


k (Ore) = na\? m by | 
e ( en) nal T 


Low curvatures result in only one (n = 1) buckle over b and in pressure direction in a half wave 
length a/m = b. This means according to Wiedemann [195] for a/b > 1: 


Ocp | 


(14.10) 


"s (14.11) 


kr 2 3.6 f + 
Relation 14.11 is valid up to VQcp < 40. Critical buckling stresses for plates with greater Qcp 
becomes proportional to YQcp and will be calculated according to 


2 
om E (=) = 0.61 E- (14.12) 


because of the increasing amount of buckles over b regarding great b*/(r t) ratios. Therefore, 
cx; becomes independent from b and leads to equation 14.12, which is valid up to closed 
cylindrical shells. Figure 14.2 shows the curvature parameter dependent buckling value for 
monovalent supported plates. The intersection of the blue and red dashed lines marks the 
transition from curved plate to cylindrical shell buckling. 
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Curved plate buckling 
Cylinder shell buckling 
40 — Relevant buckling curve 


% 5 10 15 20 25 30 35 40 
b? /(rt) 


Figure 14.2: Buckling value dependency according to different plate curvatures for plates with monovalent supported 
borders 


The intersection point can be determined by equating Equation 14.11 and 14.12 and leads to 
the quadratic equation 


(E) 0.61:4n* b Ant 
3(1-%2) 


 36.3ü-v)rt ^ 


2 24.184 24.184 V? 
T EM Zum | = | — 142.724 


rti 2 (14.13) 
2 

7. = 10.223 

E. = 13861 


To assume the most critical kọ curve, the second intersection point with b? / (r t) = 13.961 
was chosen to mark the limit for Equation 14.11 to be valid. Furthermore, curvature parameter 
dependent shear buckling values for a/b = co equal to 


Qcp 
kr x 4.841 + —— 14.14 
84/1 + 2 ( ) 


and will increase for 1 « a/b « co. Applying WT relevant dimensions for the profile width 
b = const. = 6 m led to radius dependent critical normal stresses, such as shown in Figure 14.3 
for different wall thicknesses t. The lower radius limit was set to the half of b so that the minimum 
allowable curvature was given through a half cylinder of diameter b. Such a supported half 
cylinder can likewise be seen as a full cylinder without supports. Figure 14.3 shows that small 
radii and great wall thickness led to higher critical normal buckling stresses. Furthermore, 
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yield strengths of fyk = 275 MPa, fyk = 355 MPa and fyk = 460 MPa for common WT steel 
types were introduced. They show that it was possible to reach the yield limit before the plate 
starts to buckle for small radii and great wall thickness likewise. 


b 
& 
/ 
/ 
/ 
/ 
4 
3 | = t=0,01m 
i i \\ — 4-0.02m 
iN — 1-0.03m 
460 PAN t=0.04m 
355 N EN e Sun ns er Pen 
275 NER FE EFT ET ÄHTER 
\ 
6 nM 
10? ML M i — 
SS 
en aa 
—— 
0 b 10 20 30 40 50 60 
r=- 
2 r 


Figure 14.3: Critical normal buckling stresses for large WT tower dimensions depending on curvature radius r and 
wall thickness 7 for constant plate width b = 6 m 


The topic of local buckling becomes more relevant for LDD shell towers than for conventional 
circular ones. Due to decreasing curvature of steel sheets at elongated tower flanks, lower local 


buckling resistance results. 
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14.12. Conversation with 5 MW NREL Baseline WT Developer 


14.12 Conversation with 5 MW NREL Baseline WT 
Developer 


This conversation! with one of the NREL Baseline WT developers shows that the wall thickness 
of the tubular reference tower was increased to avoid resonance within the operational range. 
Since the cut-in rotational speed was reduced throughout the development of the WT, the 
reason for increasing the wall thickness was not more given. Nevertheless, a corresponding 
new adjustment of the tower wall thickness was never been carried out, because no relevant 
resonance problems occurred with the old tower setting. 


Re: Campbell diagram for 5MW turbine rotor “ Achim.Struve 
Oby Achim.Struve » Wed Jun 13, 2018 6:04 am Posts: 12 

Joined: Thu Aug 06, 2015 2:10 am 
Dear Jason, Organization: Wind Energy Technology 


Institute of Fh Flensburg 
Location: Germany - Schleswig-Holstein 


I just reviewed your derived Campbell diagram for the land-based 5 MW baseline wind turbine. It was in your post from Thu Sep 22, 2016 8:24 
am. 


Furthermore | reviewed the tower section 6 in Jonkman, J., Butterfield, S., Musial, W., and Scott, G: Definition of a 5-MW Reference Wind 
Turbine for Offshore System Development. February 2009. 


In this section 6 on page 15 in the second paragraph, one writes: 


“ 

We based the distributed properties of the land-based tower for the NREL 5-MW baseline wind turbine on the base diameter (6 m) and 
thickness (0.027 m), top diameter (3.87 m) and thickness (0.019 m), and effective mechanical steel properties of the tower used in the DOWEC 
study (as given in Table 9 on page 31 of Ref. [14]) ... Because the REpower 5M machine had a larger tower-top mass than the DOWEC wind 
turbine, we scaled up the thickness of the tower relative to the values given earlier in this paragraph to strengthen the tower. We chose an 
increase of 30% to ensure that the first fore-aft and side-to-side tower frequencies were placed between the one- and three-per-rev 
frequencies throughout the operational range of the wind turbine in a Campbell diagram.... 


This sounds like the wall thickness of the baseline tower is driven by its first two eigenfrequencies. But when | go back to your Campbell 
diagram | see, that these tower eigenfrequencies are very close to the three-per-rev frequencie at cut-in rotational speed. In fact, neglecting 
the proposed wall thickness increasement of 30 % would decrease the tower eigenfrequencies to about 0.282 Hz and a larger distance to the 
exciting three-per-rev frequency can be obtained. Note, that it would still have enough distance to the one-per-rev excitation frequency of 
12.1 1/min / 60 s/min * 1.05 = 0.21 Hz. 


What do you think about this? 


Best regards, 

Achim 

Re: Campbell diagram for 5MW turbine rotor “ Jason.Jonkman 

Dby Jason.Jonkman * Wed Jun 13, 2018 8:52 am Posts: 3431 
Joined: Thu Nov 

Dear Achim, Location: Bould: 


Contact: 
What you say sounds reasonable. 


If 1 recall correctly (although this was over 10 years ago now), | think the cut-in speed dropped a bit over the course of the NREL 5-MW 
development and perhaps the tower thickness was set before this and not later updated. 


| agree that the final first tower fore-aft and side-to-side mode frequencies are bit close to the 3P frequency at the cut-in rotor speed. That 
said, | don't recall finding a problem with resonance of the tower from 3P excitation. 


Best regards, 


Jason Jonkman, Ph.D. 
Senior Engineer | National Wind Technology Center (NWTC) 


National Renewable Energy Laboratory (NREL) 
15013 Denver West Parkway | Golden, CO 80401 
+1 (303) 384 - 7026 | Fax: +1 (303) 384 - 6901 
nwtc.nrel.gov 


lInternet forum of NREL’s National Wind Technology Center: https://wind.nrel.gov/forum/wind/ 
viewtopic.php?f=3&t=1056&p=11358#p11358; Accessed 14-June-2018 
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14.13 Calculating Tower Natural Frequencies by 
Lagrange's Equation of Motion 


Figure 14.4: Lagrangian tower model 


Calculation of tower natural frequencies may be carried out by means of Lagrange's equations 
of motion [8]: 

d [OL OL , 

a E - — =Q" (14.15) 


where the Lagrangian L is a function of the systems generalized coordinates, their time deriva- 
tives, and time, thus L = L (a. 4st). In this consideration, damping and friction is neglected, 


wherefore the non-conservative term Q"* = 0 vanishes. The constant Lagrangian is defined as 
L=T-V = const. (14.16) 


where T and V denote the kinetic and potential energy of the system. For the system in 
Figure 14.4, they may be written as 
1 
T =5Jo e 
1 (14.17) 
V gk w? 
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where Jo is the systems moment of inertia around the artificial rotation point at the bottom of 
the tower. It is calculated by Equation 14.18. 


Jo= [ oto av 
V 


i (14.18) 
«a | z?” A(z) dz + mpya (Hr + CMpnay” 


In Equation 14.18 r, is the perpendicular position vector of volume increments dV to the 
considered rotation axis and p (r) is its material density. For the given configuration, one may 
integrate along the height of the tower Hy with height coordinate z and a corresponding tower 
cross sectional area A (z). The RNA’s moment of inertia is included by adding the RNA mass 
with its squared vertical distance to the ground. Here CMrna denotes the vertical RNA center 
of mass measured from the tower top. 


The bending stiffness of the tower is represented by a virtual spring at the tower top. Its spring 
constant k is calculated from Equation 14.19. 


F 3E lep 


3 
w Hr 


(14.19) 


where F is a unit force, w is the horizontal tower top deflection, E is the elasticity modulus, and 
Irep is a representative second area moment of inertia for the whole tower. Since the stiffness at 
the bottom has the most influence to the tower top deflection and the stiffness at the top has no 
such influence, the linear distance weighted second are moment of inertia in Equation 14.20 is 
proposed as being representative for the tower. Note that the height coordinate runs this time 
from the top to the bottom. 


T I (z) zdz 


T zdz 


In the present case, the towers rotational deflection angle ọ is the only required generalized 
coordinate. Note that the tower itself is considered as being rigid. The horizontal tower top 
deflection in the potential energy in Equation 14.17 becomes w = sin(y) Hr ~ y Hr by means 
of the small angle assumption. Thus, using Equations 14.16 and 14.17 in 14.15 delivers the 
Equation of motion 14.21. 


(14.20) 


rep — 


„ka 
050+ e (14.21) 
—— 


The first tower eigenfrequency follows consequently as 


EH; 
je c OW. d (14.22) 
m 2m 
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The numerical integration of Equation 14.20 avoids the development of fourth-order polyno- 
mials and is carried out in a python script, such as shown in Figure 14.5. 


1from _ future — import division 
2import numpy as np 


Ina m 


H T = 87.6 
6CM RNA = 1.75 
7m RNA = 3.5e5 
8t T = 0.019 * 1.3 
9t B - 0.027 * 1.3 
10R T = 3.87 / 2.0 
11RB = 6 / 2.0 
12rho steel - 8500 
13E - 210000 * 1e6 
14 
15 
16 
17Irep = ® 
18J_T = 0 
19z_a = np.linspace(0,H T,1000) 


20dz = z a[1] - z a[0] 

21for zi in range(len(z a)): 

22 z = z a[zi] 

tT + (tB- t T) / np.max(z_a) * z 
RT + (RB-R T) / np.max(z_a) * z 
R-t 

(R**2 = p**2) © «np pi 

+= (H_T-z)**2 * A * rho_steel * dz 
np.pi / 4.0 * (R**4 - r**4) 

rep += I * z * dz 


aus 


M 


W a 8" m" à W 


t 
R 
r 
A 
J 
X 
I 


MON) NON OIN UN 


w:o œ 


- Irep / np.sum(z a * dz) 
J T + m RNA * (H T + CM RNA)**2 


u 

> 

x 
J 


= 3 * E*Irep / H_T**3 
36f = np.sqrt(k * H T**2 / 30) / (2 * np.pi) 


38print "Frequency (linear distance weighted second area moment of inertia): \n",round(f,4)," Hz" 


Figure 14.5: Tower eigenfrequency calculation within Python 


Usage of the NREL reference WT parameters in the Python code leads to an eigenfrequency 
of 0.313 Hz. It is very close to the linearized model SS tower frequency of 0.312 Hz, such as 
listed in the reference WT documentation [109, p.30]. Thereby, this approach to calculate the 
first tower bending eigenfrequency can be seen as validated. 


14.14 Polynomial Coefficients for Tower Mass to 
Tower Height Relation 


The following Table 14.1 contains the polynomial coefficients to describe tower masses as cubic 
function of the tower height 


massr,c; = 43 Hl + az Hz + a) Hr + ao (14.23) 
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for different cases according to Table 5.4. Thereby, the coefficients were optimized by means of a 
least squares approach, implemented in the python scipy package under scipy.optimize.curve fit 
[104]. Note that it was added a point (0,0) to the data of the first diagram in Figure 5.7 for the 
cubic polynomial fits. 


i a3 az ay do 


C1 |2.5le—5 | 1.72e—2 | 7.99e-1 5.49 
C2 | 1.84e—5 | 3.02e—2 | 8.17e—1 | -6.62e—2 
C3 | 1.25e—5 | 2.47e—2 | 1.70e-1 7.19 


C3,w1|9.35e-6|2.66e-2|4.96e-2| 7.35 


Table 14.1: Cubic polynomial coefficients for tower mass description of different cases as function of WTs tower height 


14.15 Offer for Lockbolts 


Offer mail from K VT-Fastening GmbH from the 03. January 2018 for 10,000 Bobtail lockbolts. 
The request was differentiated with respect to two different bolt diameters 22.2 mm and 
25.4 mm, respectively. Thereby, a clamped length between 19.1 mm and 28.4 mm is has been 
assumed for both zinc galvanized lockbolts. 


Sehr geehrter Herr Struve, 


wir danken für Ihre Anfrage und unterbreiten nachstehend unser — freibleibendes - Angebot: 


Bezeichnung: Art.Nr.: Auftragsmenge: PREIS netto / 100: 
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk 
BTR-BR28-12GA - 10.000 Stück MM EUR 423,05 
BTR-BR32-12GA - 10.000 Stück MM EUR 606,00 
LIEFERZEIT: ca. 18-20 Wochen nach Auftragseingang unter Vorbehalt. 


14.16 Python Script to Solve for the Constant Lattice 
Tower Bracing Angle 


The following python function calculates the vertical joint heights h; and the constant lattice 
tower bracing angle ag for a given tower bottom and tower top width and tower height Hr. 
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lfrom future — import division 
2import numpy as np 
3from sympy import nsolve, var 


4 


3 def solve hights(Nseg, HT, w8, wT): 


11 k = (wT-w8) / HT 
2 tan beta = (1/2.0 * (wB-wT)) / HT 


h vars = var('h: «str(Nseg)) 
€ = var( c) 


18 variables = [ for x in range(Nseg+1)] 
19 variables[:Nseg] = h_vars 
PI: variables[Nseg] = c 


23 functions = [0 for x in range(Nseg*1)] 


for i in range(Nseg): 
if i == 0: 
functions[i] = wB * variables[-1] - variables[0] 


ifi»0: 
functions[i] = w8 * variables[-1] - variables[i] 
for j in range(i): 
functions[i] = functions[i] + k * variables[-1] * variables[j] 


for i in range(Nseg): 

functions[-1] = functions[-1] + variables[i] 
functions[-1] = functions[-1] - HT 
result estimation = [HT/Nseg for x in range(Nseg*1)] 


result - nsolve(functions, variables, result estimation) 


h = result[:Nseg] 
= float(result[Nseg]) 


alpha B = np.arctan(c/(1-c * tan beta)) 
53 return h, alpha B 


14.17 Derivation of X-Bracing Member Intersection 
Point for Arbitrary Lattice Tower Shapes 


This is a derivation for the x-bracing member intersection point where the shortest distance 
between two bracing member lines 


Li =X} + ni Aı 


_ (14.24) 
Lo =X), +M A2 


is calculated. In Equation 14.24, x, and x, represent position vectors of the joints where the 
bracing members are attached to the legs. Here, one lattice tower wall is considered from a 
front view where one joint is on the left and the other joint is on the right side. 7; and ñz are 
unit vectors, which point along line one (£1) and two (£2) and 4, and Az are scalars, which 
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are used to describe a certain point on that lines, respectively. The distance between the two 
bracing member representing lines is described as 


d = ||£o - Lill = Ild|l = g (41,42) (14.25) 
for arbitrary values 4, and 4». Definition of function 
f (4,22) = dd (14.26) 


is used in the optimization problem to find the minimum distance 


dmin = min [|d]] = min vr Q5) = min | Jd? + d2 + d2 (14.27) 
A minimum distance is found if 
4 
aa 8 Cv dy) = sae (aida) + = (14.28) 
and 
9* a? a 0 14.29 
A Aya ALÀ : 
aaa £022 Ar) zn: Ar? > ( ) 


In Equation 14.27, the three elements in d are 


dj = Xy,1 + 12,1 A2 — X1,1 — 71,1 Aı 
dy = Xy,2 + 12,2 Aa — Xj — 1,2 Aı (14.30) 


d3 = Xy,3 + 12,3 42 — X3 — 11,3 Aı 


and the general derivative of d with respect to A; is 


ô d= 7 (a? +d} eai) Tan) 


di OA; 
ð a a 1 
= [di zd +d —d + di z—d 
| a a E ) IFA) (14.31) 


ran) 


From Equation 14.31, a second derivative of d with respect to 4; becomes 


à? 


d! nj 
3 £ = a l dT ni; 14.32 
OMA; Fa) land — D 


281 


14 Appendix 


Since Equation 14.28 requires 


ô 
1 g (41,42) i 0, one can identify 


i 


d 5; 20 


(14.33) 


as condition for orthogonality between the distance vector d and the lines unit vectors n;. This 


condition results into 


0 di Nj + d» hiza t+ d3 Ni, 3 
3 
! 
= »3 Xır,k Nik + 12,4 A2 Nik — Xk Nik — Hk AL Nik 
k=l 
and delivers 
Der Ark Mik — Xk Mik — Lipa, ak Nik 

gen, ee 


3 3 
per Mk Dk pe Mk Ni,k 


Using Equation 14.35 in 14.34 where index i becomes j andi # j results to 


T To 

X. Ny — Xi Ni 
Tad nion n | a 
Xir j T Xy T | Te 


ay = 


and with Equation 14.36 in the original Equation 14.35 one arrives at 


Pe oa mum m 
" 2OXy Di — Xy ni +M nj A2 
= T 

ny Ni 


(14.34) 


(14.35) 


(14.36) 


(14.37) 


With 4, and 42 one can calculate the closest points on both lines from Equation 14.24, which 
are denoted as £1, and £21. Thereby, one can calculate the distance vector between both 


points as 
din = xoa 
and its unit vector follows consequently as 
dnin 
Fon | dal] 
0 — for |Idpiqll = 0 


for |ldpinll > 0 


min 


The searched x-bracing intersection point is finally calculated as 


— Id nin| 
P, = LiL + dmin E 
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(14.38) 


(14.39) 


(14.40) 


14.18 SubDyn Rotatable Inclined Lattice Tower Input File 


Note that in plane lattice walls lead to dmin = 0 and both points £;, and £2, are at the same 
position, which is the searched bracing intersection point P 


14.18 SubDyn Rotatable Inclined Lattice Tower Input 
File 


2 Input File for the $7,6 m high rotatable inclined lattice tower and the adjusted SubDyn Version 
-- SIMULATION CONTROL ~ 


4 True Echo - Echo input data to APPPAD SD.ech" (flag) 
* 9.0338 SOdeltaT - Local Integration Step, If "default", the glue-code integration step will be used. 
6 4 IntMethod = Integration Method [1/2/3/4 = RK4/ABA/ABM4/AM2] . 
7 True SttcSolve = Solve dynamics about static equilibrium point 
a 1 --------------.----- PEA and CRAIG-BAMPTON PARAMETERS: - 
5 1 mma - FEM switch: element model in the FEM. [le anisotropic straigth tapered Timoshenko beam el 
, ı mr - Number of sub-elements per member 
n True Med - [T/F] If True perform C-B reduction, else full FEM dofs vill be retained. If True, select 
a ? mecdes - Number of internal modes to retain (ignored if CBModefalse). If HmodesT) --> Guyan Reduce 
T JDempings - Damping Ratios for each retained mode (4 of critical) If Necdes>0. list Necdes structural 
.. € JOINTS: joints connect structure members (-Hydrodyn Input File)--- 
192  NJoints ~ Number of joints (=) 
SointiD JoantXss JointYss Joantiss [Coordinates of Member joints in $5-Coordinate 3 
[x] w (=) im) 
1 -3.4 -3.4 0.0 
2 -3.4 0.0 
3 3.4 0.0 
as 4 3.5 0.0 
aa s -1.3305 
24 é -3.3305 
a4 ? 3.2308 
33 : 3.3305 
i $ -3.2625 
1 30 -3.2625 
E 2 3.2625 
i 12 3.2625 
13 -3.1958 
si 1 -3.1958 
s as 3.1958 
162 -0.0 
163 2.369 
164 0.0 
165 -2.3204 
see -0.0 
ie 2.320€ 
160 713.447€ 9.09 
ié aa. 6346 -2.2732 
470 -5.3434 9.0 
E 11.0366 2.2732 
2 213.9990 9.0 05.0322 
BASE REACTION JOINTS: 1/0 for Locked/Free DOF @ each Reaction Node - 
4  MReact = Nuber of Joints with reaction forces; be sure to remove all rigid motion DOFs of the sta 
RJointiD —RctTDXss —— RctTDYas — RctTD2ss — RctRDXss — RctRDYsa — RctRDIss [Global Coordinate System] 
t=) ttiag) (flag) (flag) (flag) (flag) (trag) 
1 1 1 1 1 1 1 
2 2 1 2 1 1 1 
3 i R 2 b 1 1 
4 1 1 1 1 
T swrenrace SOINTS: s/o for Locked (to the TP)/Free DOF @each Interface Joint (only Locked-to-TP implemented thus 
* NWinterf - Number of interface joints locked to the Transition Piece (TP): be sure to remove all ra 
TlJointID TefTiKes TtfTOYss IeftTOies HILL TcfRDYes TeeRDiss [Global Coordinate System] 
t) (flag) (flag) (flag) (fiag) (flag) (flag) 
s 1 i 1 i 1 1 
82 1 1 1 1 1 1 
1 1 1 1 1 1 
1 1 1 a 1 1 
408 Members — - Number of frame members 
MemberID —MJointIDi — MJointID2 — MPropSetID] — MPropSetID2 — OriTpe —RotAngle Pointazss 
e [2 {-) e i=} i=) ideg) im) 4 
i i 5 2 a 2 9.0 0.0 
2 2 € 2 2 2 9.0 0.0 
3 3 7 2 2 2 9.0 0.0 
4 4 e 1 1 2 0.0 0.0 
LÀ 5 $ 3 3 2 9.0 -3.3305 $.2914 
€ € 10 4 4 2 0.0 3.3308 5.2914 
7 ? 1i 4 4 2 0.0 3.3308 5.2914 
? e 12 3 3 2 0.0 -3.3305 5.2914 
LÀ LÀ E 5 5 2 9.0 -3.2625 40.474€ 
10 ae aa é é 2 0.0 „2625 40.4746 
LI àl as é é 2 9.0 -4.6026 3.2625 10.4746 
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os 1es aL 60 éo 2 0.0 -3.2641 85.8441 
e 78 170 60 60 2 9.0 9.0 85.9782 
Lad 170 a 69 60 2 9,9 9.0 55.9782 
«€t 79 170 40 6 ri 0,0 0.0 03.9792 
“or 170 ez «o 6 2 6.0 6.0 83.9782 
“ao 79 iu é éo 2 9.0 -11.6366 3.2641 05.0442 
ou ava $4 é 40 2 9.0 -11.6366 3.2441 

a: 20 im éo éo 2 0.0 -11.6366 3.2641 al 

D ini LI eo éo z 0.0 -11.6366 3.2641 85.8441 
n 20 172 éo éo 2 0.0 714.9024 0.0 35.709€ 
es 172 Li eo é 2 0.0 14.9024 9.0 35.709€ 
ae 7 172 «o «o Li 9.0 714.5024 9.0 28.7096 
ar i72 kaJ éo 6 Li 0.0 214.9024 6.0 85.7096 
es =-= MEMBER X-SECTION PROPERTY data 1/3 [isotropic material: use this table for circular-zubular elements) 
eo NPropSera - I of structurally unique x-sections (i.e. how many groups of X-sectional properties a 
$30  PropSecfD Youngf ShearG MarDens Xsecb Xsect 

ar t=) (87m2) w/m) (kg/23) (m) (my 

PERO --——-------------- MEMBER X-SECTION PROPERTY data 2/3 [use this table if any section other than circular or anisotropic m 
a O  NXPropsSets - Number of structurally unique arbitrary Cross sections defined by engineering constants (a 
414  PropSetID Younge ShearG MatDens Xsech Xsechx Xsechy Xseckay 
as e (M722) (m2) (kg/m3) tm} (e e t=} 
Ae --—------.-.---. = MEMBER X-SECTION PROPERTY data 3/3 [use this table if any section other than circular or anisotropic m 
«2 él  NXFSMPropSets - Number of structurally unique arbitrary cross sections defined by full cross sectional 
ES PropSecID - formatting: review the user manual - Give all values in SI~unite 

“us e 

LIS 


Mi. 002340098.32  1440902804.74 7 0 O © 
EIS -440002804.747  2002240098.32 0 0 © 


e ° ° 14910110719.3  0,000503301620483 -0.000577449798584 L] 
en 9 O  1,71661376953e-08 1730262806,17 7447667165, 189 LJ 
ens 9 O -€,.62003649902€-058 7447667169,199 417302€299€.17 o 
m 183629.1114€64 — -193629.1114€44 O O ©  $400609.33042» 

y 

os €03.$04402497 9 9 ° LI 9 
ou 9 403.304482497 9 9 9 9 
éa o E 403.504481497 $ 9 LI 
ar LI a LI 70.0302087943 718.1176833742 LI 
u. LI o LJ 718.1176833742 70.0302087543 ° 
ow 9 9 9 LJ 9 149.0€0417529 
ay 2 

Bay 2002240098.52 440002604.747 0 © © 109629.111463 

GRE  440002004.747  20092240099.322 0 O O  -103429.111444 

W 9 9 14910110719.3 — 0.090$03301420493 -0.000$77449791104 9 
u. LJ O  1i.71641376$53e-08 37302€280€.27 4d 7EO7LEF.188 o 
Lu LJ O  -€.4628036499020-05 2447667165. 109 1730242204.17 LI 
SEG  183625.111464 — -183625.1114| 0 0 0 8410065.330429 

ai 

as 403.804461497 o L] LJ ° 9 
053 o GOS, 304401497 LJ LJ ° o 
om Lj 9 603.504481497 o o 0 
os 9 9 9 79.0302087943 -2418.1176033742 9 
së 9 9 iJ 718.1176033742 70.0302087$43 LJ 
est o o [] L] o 140.060417589 
oe 3 

“as  1084643828.98  242512567.547 0 0 O 85142.3752916 

M49  242812847.547  1084443528.98 O 9 ©  -88142.3782916 

“u o o 8524927061.68  -7,55165496826e-05  -0.00015330314€3062 o 
el 9 O -2,86102294922e-06 530133320,487 7140955755,335 o 
ee 9 LJ »10864639262e-05 7140955755,335 530133320.487 (J 
Ece  95142.3752916 — -25142.3752916 9 0 (0  239014.40082€ 

ees 

cak 345.056571543 E LJ LJ LI LJ 
7 9 345.056371343 o LJ 9 LJ 
u. LJ LJ 345.054571543 LJ 9 LJ 
LJ LI LÀ LJ 21.456505805€ -5.70469435972 LI 
em o 9 o =5. 70469435972 21.45€509805€ o 
Lu 9 9 9 9 9 42.9130196113 
ec 
ew 386097868.639 © © ©  140409.221731 

on 4412429044.42 Q0 O ©  -140409.221732 

es: 9 LI 42222401744.1 -0.000214940904902 — 0.000444794417234 9 
os o O -2.76565$517$f&-08 1146041602. 54 =2%5028245.208 o 
un ° O 0.000105619430542 7295028245,808 1146041602.54 L] 
TS  140405.221731  -140405.221732 0 (0 ©  543485.568871 

oe 

enn 454 T541€0158 ^ ^ ^ ^ ^ 
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14.18 SubDyn Rotatable Inclined Lattice Tower Input File 


s 9 o 9 9 ° 
9 97.440 9 9 9 9 
LJ o 07.448 o o o 
9 v 9 0.847941389333  -8.796437157244-19 9 
LJ LJ O  -4$.7964371$724e-1$ 1.73158669733 o 
9 ° LI LJ ° 2.57982888667 
s 
246819402.738 -0.000308286370887 0 9 9 78719939508e-09 
-0.00032€400€485?2  162065432.182 © © ©  1.02952082696e-05 
9 9 2195760000 2.097883576$4-05  -2.105462833394-0€ o 
9 O  -2.470325472340-22 2190$010.55909» — 2.056990217157e«-0€ 9 
° o 4511643763e-19 — 3.04895296872e-0€ 45322096.276 ` 
$.67324881315e-05 — $9.87120604153e-095 9 9 © 
88.876 9 LJ ° 5 o 
9 88.976 9 o o 9 
9 9 28.97€ 9 9 9 
o LI LI 0.889971737333 — $.8$5516096115e-18 o 
LJ o 9 /$16096115e-18 o 
9 LJ 9 ° 9 2.72432184247 
“ 
1493  253387370.625 — -0,000101372254714 0 © 00  -2.5510042235e-08 
P493  -0.000125216550€35 — 1€4601459.042 0 GF O  8,60219132€28e-09 
rass 9 9 2231040000  1.18392920015e-05 -1.24132785714e-05 9 
lee LJ LJ LJ 23063751.9092 -6.9526873608Se-07 o 
iser LI 9 -2.901934977296-10 — 3.9242000300€e-07 479$9963.7331 9 
EEE  -1.58450274611e-08 — 1.6270171189e-08 0 9 ©  10$57.0032891 
1463 
EL 90.304 9 9 [] ° ° 
9 50.304 9 o o 9 
LJ [LJ 90.304 eo o o 
9 LJ 9 0.633470305333 -3.494710902924-17 9 
9 ° Ú -3.686€710902$2e-17 A. $4212124533 9 
LI ° ° LJ ^5 2.807459163067 
é 
Eu 3.002240098892€«14 — 4.40092804747e*13 9.0 9.0 9.0  if9362911146.3 
4.40002004747e«13  2.00224009852e«14 0.0 0.0 0,0  -15362911146.4 
9 0,0  1,49101107193e«415 — 50.3301620483  -$7.7449798594 0.0 
9 0.0  1.716€1376953 — 1,7302€200417e414 -~ 471691994413 9.0 
ò 0.0  -6.6280364$902  -4.47667160185ee13 —1.73026280617ee14 0.0 
i 718362911146.4 0.0 0.0 0.0  84006933042.9 
350448149? 0.0 0.0 0.0 0.0 0.0 
0.00603504481497 0,0 0.0 0.0 0.0 
9.0  90.00€03504402497 0.0 0.9 0.0 
0.0 90.0 0.00070030208754 -0.00018117683374 0.0 
0.0 06.0 -0.00018117683376  0.0007003020879€4 0.0 
9.0 0.0 9.0 à 9.0 0.00140060417589 
—--- JOINT ADDITIONAL CONCENTRATED MASSE$------ ce eere ere eren enn 
o ~ Number of joints with concentrated masses; Global Coordinate System 
CMJeintiD Mass MXX any 
(eg) (kg'a?) (ke*m^2) 
9 -.- OUIPUI: SUMMARY & OUTFILE ~ 
sisum - Output a Summary File (flag).It contains: matrices K,M and C-B reduced M BB, M-BM, K BD, 
OutCOSM = Output cosine matrices with the selected output member forces (flag) 
Duell = [T/F] Output all members! end forces 
3  OutSvtch ~ [1/2/3] Output requested channels to: le«rootname».SD.out; J2ecrootname».out (generated br 
TabDelim = Generate a tab-delimited output in the «rootname».SD.out file 
1 Outbes 7 Decimation of output in the «rootname».SD.ourt file 
Mus  TES11.4e2* Ourfue ~ Output format for numerical results in the crootname».SD.oot file 
IAM An Dd Output format for header strings in the «rcotnames.3D.out file 
14W? --—-——-—-----------——-—------ MEMBER OUTPUT LIST --------------.--..---------——7--7]7'-'-?-?--]- 
ne ©  NMOutputs — - Number of members whose forces/displacements/velocities/acceleratións will be output (-) 


1195 MemberID — NOutCnt NodeCnt [NOutCnewhow many nodes to get output for [€ 10]; NodeCnt are local ordinal numbers from ti 
t) t 
———--- SSOutlist: The next line(s) contains a list of output parameters that will be output in «rootn. 
», ReactF2ss, ReactiOus, ReactMYss, ReactMIsa" -Base reactions (forces onto SS structure) 
1393  "IntffXas, Intffiss, Invifies, IntfMXss, IntíMYss, IntfMlss" -Interface reactions (forces onto 33 atzucture) 
1804 EMD of output channels and end of file. (the word "END" must appear in the first 3 columns of this line) 
. 
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14.19 Modelling in RFEM 
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Figure 14.6: RFEM tower model 


The commercial software package RFEM 5 from Dlubal [57] provides a state-of-the-art steel 
construction modelling environment. It can be used together with Dlubal’s cross sectional 
analysis tool DUENQ 8 [58] to model the rotatable inclined lattice tower for extreme loads and 
eigenfrequency analyses. The later requires a stand alone add-on, named RF-DYNAM [54]. 
Strength analyses of the lattice members are performed with the RF-STAHL [59] module and 
buckling analyses are performed with RF-STABIL [55]. Another add-on, named RF-IMP [56], 

can be used to generate geometrical imperfections from a buckling or modal eigenmode. Since 
this work focused on the material saving potential of the tower, rather than on the tower base 
yaw bearing, all four legs were assumed to be rigidly connected to the ground, such as shown in 
Figure 14.6. Therefore, the modelled tower had slightly higher eigenfrequencies than in the final 
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14.19 Modelling in RFEM 


design. This higher stiffness had to be considered in the eigenfrequency analysis in which two 
rigidly coupled nodes at the top of the tower contain the rotor and nacelle masses and inertias. 
The machine foundation at the top of the tower was assumed to be very stiff, wherefore the four 
legs were coupled rigidly over one node at the top. This coupling node served simultaneously 
as load induction point and was located with the same distance to the front tower edge as for the 
conventional reference tower. Furthermore, additional bracing member alignment nodes served 
to find their correct alignments in space. A cross section similar to the leg in Figure 7.4 did 
not exist in the library, wherefore it was modelled in Dlubal’s cross sectional analysis software 
DUENQ, such as shown in Figure 14.7. On the left side in Figure 14.7 is a detailed and on the 
right side a simplified model of the leg cross section. The detailed model accounted for folding 
radii of two times the material thickness and geometrical incompletenesses at the corners of two 
straight cross sectional parts. The simplified approach had the advantage, that it was modelled 
more quickly and saved time in terms of parameter studies. 


Figure 14.7: The detailed (left) and simplified (right) DUENQ leg cross sectional model 


A comparison between both variants revealed that important properties, such as the cross 
sectional area, the second area moment of inertia and the torsional moment of inertia changed 
in magnitudes of < 1 9o. Therefore, the simplified approach was seen as being appropriate to be 
used in the following analyses. tp is representative for the junction plates thickness. Moreover, 
the dimension of wy could be used to distribute the discrete filler plates properties as continuum 
over the members length. 


Double hat profiles are likewise not provided by Dlubal’s cross sectional library and they had to 
be modelled in DUENQ, such as shown in Figure 14.8. Due to their extruding manufacturing 
process, no big radii were expected and a simplified model was sufficient, such as for the legs. 
As mentioned earlier the leg and the bracing members consisted of two cross sectional parts, 
which were bolted together over their length. The interface between DUENQ and RFEM allows 
to use the results of the cross sectional analyses directly in RFEM. 
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Figure 14.8: DUENQ double hat cross sectional model 


Note that the modelled bracing members were slightly longer than in reality, because they were 
attached at junction plates, which were bolted to the leg flap, such as shown in Figure 7.6. This 
structural detail was not accounted for to keep the model simple and comparable to the parallel 
model in SubDyn, such as described in Chapter 8. However, this simplification is on the safe 
side. Due to the members elongation, its buckling resistance was reduced together with the 
torsional tower stiffness. Moreover, the additional bracing member material could be seen as 
compensation for the material of the lacking junction plates in the model. 


14.20 Tower Inclination Sensitivity to Yield Strength 
Utilizations 


The following figure shows the member yield strength utilization within the 10. segment of a 
RILT as function of its inclination angle arı. It was analysed within RFEM with extreme tower 
head loads, extracted from the ASE load simulation of the conventional tower of the 5 MW 
reference WT. All important modelling aspects are summarized in Appendix 14.19. The global 
RILT parameters in this analysis are Hy = 87.6 m, ar = br = 4.4 m, and ag = bg = 6.7 m. An 
analysis in RFEM had the advantage of less required simulation time compared to a full ASE 
simulation for each tower inclination angle. 
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14.21 Rotatable Inclined Lattice Tower Reynold's Numbers 
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14.21 Rotatable Inclined Lattice Tower Reynold’s 
Numbers 


The following figure shows the Reynold’s numbers of members in the rotatable inclined lattice 
tower, defined in Table 9.1 for different wind speeds. 
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— Legs, V, —50 m/s — Legs, V4 —-25 m/s 
— Bracing Members, Va —50 m/s — Bracing Members, Vy =25 m/s 
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14.22 Rotatable Inclined Lattice Tower 87.6 m 
Member Parameters 


The following figure shows all member parameters, of the rotatable inclined lattice tower with 
Hr = 87.6 m according to Table 9.1. All parameters are explained in the nomenclature of this 
work and its values are given in SI-units. 
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14.23 Rotatable Inclined Lattice Tower 87.6 m DLC Utilizations 


Front Leg Member Parameters 


Segment LL LF 
1 0.39€0e0 0.9000e-1 
2 0.2941e0 0.9000e-1 
3 0.2895e0 0.9000e-1 
4 0.2850e0 0.9000e-1 
5 0.280660 0.9000e-1 
€ 0.27620 0,9000e-1 
7 0.272000 0,9000e-1 
8 0.267800 0,9000e-1 
9 0.263060 0. 90006-1 
10 0.259800 0,9000e-1 
11 0.2559e0 0.9000e-1 
12 0.2520e0 0,3000e-1 
13 0.2483e0 0.30008-1 
14 0.2446e0 0.3000e-1 
15 0.2410e0 0.90008-1 
16 0.243200 0.90008-1 
17 0.253800 0.90008-1 
18 0.2640e0 0.90008-1 
19 0.260200 0.9000e-1 
20 0.297000 0.9000e-1 
Back Leg Member Parameters 

Segment Li LF 
1 0.396000 0.9000a-1 
2 0.354300 0.90000-1 
3 0.348800 0.9000e-1 
4 0.343300 0,5000e-1 
5 0.338000 0.5000e-1 
6 0.3328e0 0.9000e-1 
7 0.3277e0 0.9000e-1 
8 0.3227e0 0.9000e-1 
s 0.317860 0.9000e-1 
10 0.3130e0 0.9000e-1 
il 0.308300 0.5000e-1 
12 0.3037e0 0.5000e-1 
13 0.2991e0 0.9000e-1 
14 0.2947e0 0.9000e-1 
15 0.3045e0 0.9000e-1 
16 0.3291e0 0.9000e-1 
17 9.310; 0.9000e-1 
18 0.3057e0 0.9000e-1 
19 0.315000 0.9000e-1 
20 0.297000 0.9000e-1 
Bracing Member Parameters 

Segment HL nr 
1 0.195000 0.7000e-1 
2 0.1212e0 0.7000e-1 
3 0.1133e0 0.7000e-1 
4 0.114560 0.7000e-1 
5 0.1160e0 0.7000e-1 
6 0.122000 0.70008-1 
7 0.128000 0.7000e-1 
8 0.134000 0.7000e-1 
9 0.139000 0.7000e-1 
10 0.145000 0.7000e-1 
11 0.1500e0 0.7000e-1 
12 0.156000 0.7000e-1 
13 0.161000 0.7000e-1 
14 0.166000 0.7000e-1 
15 0.171060 0.7000e-1 
16 0.176060 0.7000e-1 
17 0.181060 0.7000e-1 
18 0.186000 0,70000-1 
19 0.190000 0,70000-1 
20 0.195000 0.70000-1 


A 
0.7014e-1 
0.4153e-1 
0.4058e-1 
0.4045e-1 
0.3999e-1 
0.3701e-1 
0.3654e-1 
0.3608e-1 
0.3562e-1 
0.3518e-1 
0.3243e-1 
0.3203e-1 
0.3164e-1 
0.312 1 
0.3088e-1 
0.3111e-1 
0.3221e-1 
0.3565e-1 
0.3523e-1 
0.4188e-1 


^ 
0.7014e-1 
0.5765e-1 
0.5695e-1 
0.56186o-1 


0.5182e-1 
0.5113e-1 
0.5046e-1 
0.4704e-1 


0,4551e-1 
0.4533e-1 
0,4476e-1 
0.4160e-1 
0.4549e-1 
0.5132e-1 
0.4616e-1 
0.4559e-1 
0.4677e-1 
0.4188e-1 


0.60976 
0.6563e-2 
0.6611e-2 
0.6676e-2 
0.6920e-2 
0.7180e-2 
0.7432e-2 
0.7642e-2 
0.7894e-2 
0.8104e-2 
0.8356e-2 
0.8566o-2 
0.8776e-2 
0.8986e-2 
0.9196e-2 
0.940€6e-2 
0,9616e-2 
0.9784e-2 
0.99940-2 


Ix 
0.7802e-2 
0.2669e-2 
0.2558e-2 
0.2453e-2 
0.2361e-2 
0.2125e-2 
0.2040e-2 


0.1587e-2 
0.1885e-2 
0.1815e-2 
0.2740e-2 


lx 
0.7802e-2 
0.5213e-2 
0.5007e-2 
0,4797e-2 
0.43560-2 
0.4175e-2 
0.4004e-2 
0.3840e-2 
0.3480e-2 
90.3350e-2 
0.3216e-2 
0.3085e-2 
0.2967e-2 
0.2684e-2 
0.3123e-2 
0.4049e-2 
0.3270e-2 
0.3145e-2 
0.3409e-2 
0.2740e-2 


0.2855e-4 
0.2929e-4 


0.7158 
0,7648o-4 
0.8161e-4 
0,8589e-4 
0.9147e-4 


Ly 
0.7802e-2 
0.2665e-2 
0.2558e-2 
0.2453e-2 
0.2361e-2 
0.2125e-2 
0.2040e-2 
0.1958e-2 
0.1881e-2 
0.1807e-2 
0.1621e-2 
0.1558e-2 
0.1499e-2 
0.1441e-2 
0.1387e-2 
0.1420e-2 
0.1587e-2 
0.1885e-2 
0.1815e-2 
0.2740e-2 


ty 
0.7802e-2 
0.5213e-2 
0.5007e-2 
0.4797e-2 
0.4356e-2 
0.4175e-2 
0.4004e-2 
0.3840e-2 
0.3480e-2 
0.3350e-2 
0.3216e-2 
0.3085e-2 
0.29€7e-2 
0.2684e-2 
0.3123e-2 
0.4049e-2 
0.3270e-2 
0.3145e-2 
0.3409e-2 
0.2740e-2 


ly 
0.1836e-3 
0,4595e-4 
0.3780e-4 
0.3891e-4 
0.40450-4 
0.4678e-4 
0.5375e-4 
0.6137e-4 
0.6826e-4 
0.7719e-4 
0.8520e-4 
0.9552e-4 
0.1047e-3 
0.1145o-3 
0.12490-3 
0.1355o-3 
0,1475e-3 
0.1598e-3 
0.1701e-3 
0.1836e-3 


0.6588e-3 
0.6358e-3 
0.5729e-3 
0.5507e-3 
0.5295e-3 
0.5093e-3 
0,4900e-3 
0.4403e-3 
0,4239e-3 
0.4082e-3 
0.3933e-3 
0.3789e-3 
0.3877e-3 
0.4313e-3 
0.5105e-3 
0.4921e-3 
0.7331e-3 


1 xy 
0.2037e-2 
0.1373e-2 
0.1321e-2 
0.1267e-2 
0.1152e-2 
9.1106e-2 
0.1061e-2 
0.1019e-2 
0.9249e-3 
0.8925e-3 
0.8579e-3 
0.8248e-3 
0.7933e-3 
0.7186e-3 
0.8337e-3 
0.1073e-2 
0.8718e-3 
0.8393e-3 
0. 9077e-3 
0.7331e-3 


1 xy 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0.00000e0 
0,00000e0 
0.00000e0 
0.00000e0 
0.00000e0 


I min 
0.5165e-2 
0.1954e-2 
0.1872e-2 
0.1755e-2 
0.1726e-2 
0.1552e-2 
0.1489e-2 
0.1429e-2 


0.1181e-2 
0.1135e-2 
0.1090e-2 
0.1048e-2 


0.1032e-2 
0.1155e-2 
0.1375e-2 
0.1323e-2 
0.2007e-2 


1 min 
0.5765e-2 
0.3840e-2 
0.3686o-2 
0.3530e-2 
0.3203e-2 
0.3070e-2 
0.2942e-2 
0.2821e-2 
0.2555e-2 
0.2458e-2 
0.2358e-2 
0.2264e-2 
0.2174e-2 
0.1965e-2 
0.2285e-2 
0.2976e-2 
0.2398e-2 
0.2305e-2 
0.2501e-2 
0.2007e-2 


1 min 
0,9147e-4 


0.2801e-4 
0.2855e-4 
0.2929e-4 
0.3231e-4 
0.3557e-4 


0.4221e-4 
0.4621e-4 
0.49760-4 
0.54280e-4 
0.5820e-4 
0,6249o-4 
0.6692e-4 


0,7158. 
0,7648. 
0.,8161e-4 
0.6569e-4 
0.5147e-4 


i min 
0.286760 
0.2169e0 
0.2137e0 
0.2106e0 
0,2077e0 
0.204840 
0.20190 
0.199080 
0.196200 
0.193560 
0.1908e0 
0.189260 
0.195660 
0.1831e0 
0.180760 
0.182200 
0.189400 
0.196460 
0.193800 
0.218980 


i min 
0.286700 
0.258100 
0.254400 
0.250600 
0.247000 
0,2434e0 
0.2395e0 
0.2364e0 
0.2331e0 
0.2299e0 
0.2266e0 
0.2235e0 
0.2204e0 
0.2173e0 
0.2243e0 
0.2408e0 
0.2279e0 
0.2249e0 
0.2313e0 
0.2189e0 


i min 
0.9567e-1 
0.6803e-1 
0.6533e-1 
0.6571e-1 
0.6624e-1 
0.6829e-1 
0.7039e-1 
0.7252e-1 
0.7432e-1 
0.7651e-1 
0.7836e-1 
0.8060e-1 
0.8248e-1 
0.8438e-1 
0.86300-1 
0. 8623e-1 
0,901 7e-1 
0.9212e-1 
0.9370e-1 
0.9567e-1 


5.331400 
5.222400 
5.11 
5.0112e0 
4.9088e0 
4.808660 
4.7103e0 
4.614000 
4.519900 
4.427500 
4.336900 
4.248560 
4.161560 
4.076600 
3.993300 
3.911660 
3.831800 
3.753460 
3.676860 
1.200660 


Ler 
5.350060 
5.240600 
5.133700 
5.0287e0 
4.926000 
4.825400 
4.726800 
4.630260 
4.535600 
4.443080 
4.352100 
4.263300 
4.1761e0 
4.0908e0 
4.0073e0 
3.9253e0 
3.8452e0 
3.7666e0 
3.6896e0 
1.2005e0 


Ler 
4.046400 
3.963660 
3.8628e0 
3.8034e0 
3.7257e0 
3.649600 
3.575000 
3.501900 
3.430500 
3.360300 
3.291760 
3.224500 
3.150500 
3.094000 
3.030900 
2.968900 
2.900360 
2.848800 
2.790600 
2.733600 


lambda b 
0.243400 
0.3151e0 
0.3132e0 
0.3113e0 
0.3093e0 
0,3073e0 
0.305400 
0.303400 
0.3015e0 
0.299560 
0.297580 
0.295400 
0.293400 
0.291300 
0.289300 
0.281000 
0.264800 
0.250100 
0.248300 
0.7178e-1 


lambda b 
0.244200 
0.265700 
0.2641e0 
9.262680 
0.261080 
0.259580 
9.257980 
9.256380 
9.254780 
0.2530e0 
0.25130 
0.249100 
0.248080 
0.2463e0 
0.233860 
0.2133e0 
0.2208e0 
0.2192e0 
0.2088e0 
0.7177e-1 


lambda b 
0.553580 
0.762580 
0.777900 
0.757580 
0.736160 
0.699400 
0.664700 
0.632000 
0.604100 
0.574860 
0.549800 
0.523600 
0.501260 
0.479900 
0.459600 
0.440400 
9.422100 
9.404700 
0.389800 
0.374000 


Phi 
0.537000 
0.569200 
0.568300 
0.567460 
0.5664e0 
0.5655e0 
0.5646e0 
0.5636e0 
0.5627e0 
0.5618e0 
0.5608e0 
0.559960 
0.558960 
0.558000 
0.5570e0 
0.553300 
0.546100 
0.539800 
0.539000 
0.480800 


Phi 
0.537300 
0.546500 
0.545800 
0.545100 


0.543160 
0.542460 
0.541760 
0.541060 
0.540300 
0.539600 
0.538900 
0.5382e0 
0.5331e0 
0.5250e0 
0.5279e0 
0.5273e0 
0.5233e0 
0.4808e0 


Phi 
0.713300 
0.886300 
0.900800 
0.8817e0 
0.8621e0 
0.8295e0 
0.7999e0 
0.7732e0 
0.7512e0 
0.728900 
0.710600 
0.692100 
0.676800 
0.662 
0.649800 
0.637800 
0.626900 
0.616760 
0.609200 
0.599560 


chi 
0.984600 
0.950500 
0.959260 
0.959900 
0.960760 
0,9614e0 
0.962160 
0.962860 
0.963600 
0.964360 
0.965000 
0.965800 
0.966560 
0.967300 
0.968000 
0.971000 
0.976960 
0.982200 
0.982860 
1.000080 


chi 
0.984300 
0.976600 
0.977120 
0.9777e0 
0.978300 
0.978820 
0.9794e0 
0.9800e0 
0.9805e0 
9.9811e0 
0.981720 
0.982300 
0.982980 
0.9835e0 
0.9880e0 
0.9953e0 
0.992600 
0.993260 
0.996980 
1.0000e0 


chi 
0.859700 
0.747300 
0.738000 
0.750300 
0.762900 
0.784000 
0.803200 
0.8207e0 
0.635000 
0.849560 
0.861500 
0.873600 
0.883700 
0.893060 
0.901700 
0.909700 
0.917200 
0.924200 
0.930100 
0.936300 


14.23 Rotatable Inclined Lattice Tower 87.6 m DLC 


Utilizations 


Maximum utilizations of all DLCs over their different wind speeds, wind directions, and random 
seeds. 
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Table 14.2: Member yield strength and buckling utilizations of DLCs 1.1, 1.3, 1.4, 1.5, 2.1, and 2.3 of the 87.6 m high 
RILT 
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RILT 


Table 14.3: Member yield strength and buckling utilizations of DLCs 3.1, 3.2, 3.3, 4.1, 4.2, and 5.1 of the 87.6 m high 
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Table 14.4: Member yield strength and buckling utilizations of DLCs 6.1, 6.2, 6.3, 6.4, and 7.1 of the 87.6 m high 
RILT 


14.24 Rotatable Inclined Lattice Tower 147.6 m 
Member Parameters 


The following figure shows all member parameters, of the rotatable inclined lattice tower with 
Hr = 147.6 m according to Table 10.1. All parameters are explained in the nomenclature of 
this work and its values are given in SI-units. 
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14.25 Rotatable Inclined Lattice Tower 147.6 m Utilizations 


Front Leg Member Parameters 
Sagont LL LF A Tx ly Ley T min 1 min Ler lambda b Phi chi 


1 0.341000  0.5000e-1  0.5585e-1  0.4708e-2  0.4708e-2 0.1245e-2 0.34Ē4e-2 0.265000 1.0225ə1 0.537400 0.701700 0.86730 
2 0.255660 0. 90008~1 0.32400-3 0.1616e-2 0.16169-2 0.4350e-3 0.1177e-2 0.150600 3.737960 0.668600 0.8011e0 
3 0.253500 — 0.5000e-1  0.3223e-1  0.1585e-2  0.1589e-2  0.4318e-3  0.1157e-2  0.1895e0 3.274500  0.6407e0 0.B1éle0 
4 0.252300  0.9000e-1  0.3206e-1  0.1563e-2  0.1563e-2  0.4250e-3  0.1138e-2  0.1884e0 9.034800 0.613900  0.7587e0 0.830100 
5 0.250800  0.9000e-1  0.3190e-1  0.1530e-2  0.1538e-2  0.4187e-3  0.1120e-2  0.1073e0 0.4164e0 0.507900  0.7300e0  0.8431e0 
ê 0.249300  0.9000e-1  0.3175e-1  0.1515e-2  0.1515a-2 0.4126e-3  0.1103a-2  0.1564e0 5.0185e0 0.563le0 0.720300 0.855200 
7 0.248000 — 0.9000e-1  0.3161e-1  0.1454e-2  0.1494e-2  0.4070e-3  0.1087e-2  0.1854e0 7.640200 0.539100 0.703100 =O. BEL 
8 0.246760  0.9000e-1  0.3147e-1  0.1473e-2  0.1473e-2  0.4016e-3  0.1072e-2  0.1845e0 7.28040  0.5163e0 0.6871e0  0.8769e0 
H 0.2454e0 — 0.9000e-1  0.3134e-1  0.1454e-2  0.1454e-2  0.39659-3  0.10579-2 0.183790 6.936390 0.672200 0.986700 
10 0.244260 0.9000e-1  0.3122e-1  0.143€e-2  0.1436«-2  0.3910€-3  0.1044e-2  0.1029e0 6.612000 Q.6564e0 0.09570 
u 0.2431e0 — 0.9000e-1  0.3110e-1  0.1419e-2  0.1419e-2  0.3072e-3  0.1031e-2  0.1021e0 6.303200 0.453000  0.6456e0 0.904540 
12 0.242000  0.5000e-1  0.3099e-1  0.1402e-2 0.14020-2  0.3830&-3  0.1019a-2  0.1814e0 6.0087e0 0.433600 0.633700 0.912540 
13 0.241000  0.9000e-1  0.3088e-1 D.1387e-2  0.1387e-2  0.3729e-3  0.1008e-2  0.1807e0 5.723500 = 0.4150e0 ^ 0.622700 0.320100 
14 0.2400e0 — 0.5000e-1  0.3078e-1  0.1372e-2  0.1372e-2  0.3751e-3  0.9971e-3  0.1800e0  S5.4618e0 ^ 0.3972e0 ^ 0.6lZ4e0 ^ 0.9272e0 
15 0.239100  0.9000e-1  0.3068e-1  0.1358e-2  0.1350-2  0.3714e-J  0.98709-3  0.1793e0 5.2083e0 0.300100 0.602090 0.933990 
16 9.238200 — 0,9000e-1  0,3059é-1  0.1345e-2 0.13450-2  0.3680e-3  0,92734-3  0.1787e0 4.966700 0.363700 0.594060 0.940280 
n 0.237300 — 0.3000e-1  0.30&0e-]  0.1333e-2  0.1333e-2  0.3647e-3 0.96520-3 0.118200 4.736400 0.3480e0 0.565700 0.546200 
18 0.236560 0.5000«-1 0.2825e-1 0.1227e-2 0.1227«-2 0.33608-3 0.091 30-3 0.177600 4.518200 0.332900 0.578000 0.5510 
19 0.235800 — 0.9000e-1  0.2818e-1  0.1217e-2  0.1217e-2  0.3333e-3  0.8836e-3  0.1771e0 4.310000 — 0.3185e0 0.570900 ^ 0.5873e0 
20 0.240700  0.9000e-1  0.3085e-1  0.1382e-2  0.1382e-2  0.3777e-3  0.1004e-2  0.1804e0  4.1117e0 0.298260 0.S612e0 0.9648e0 
21 0.24200 — 0.90009-1  0.3107e-1  0.1414e-2  0.14149-2  0.38609-3  0.10289-2 0.191990 3.9220 0.282390 0.593090 0.970690 
22 0.2477e0 = 0.9000e-1  0.3158e-1  0.1490e-2  0.1490e-2  0,4059e-3  0.1084e-2  0.1853e0 3.743360  0.2644e0 0.545960 0.977080 
23 0.252700  0.5000e-1  0.3210e-1  0.1&65e-2 0.4266e-3  0.1142a-2 0.188600 3.572100 0.247500 0.535880 0.583000 
24 0.322000 — 0.9000e-1 0.503 0.3818e-2 0.1014e-2  0.2805e-2 0.236060  1.1363e0 0.6303e-1  0.4787e0 1.000060 
Hack Leg Member Parameters 

Segment [2 Lr A 1x Ixy I min i min Ler lambda b Phi chi 
1 0.341000 — 0.9000e-1 0.5585e-1 — 0.4708e-2 0.1245e-2  0.3464e-2 0.249000 1.036101 0.544500 0.706800 0.864080 


0.307980 0.9000e-1  0,4597e-1  0.3206e-2 
3 0.3059e0 0.9000e-1  0.4561e-1  0.3150e-2 
4 0.304000 0.5000e-1 0,4537e-1 0.3097e-2 
5 0.3022e0 0.9000e-1  0.4514e-1 0.30480-2 
é 
7 
s 


0.0$52e-3 0.2351e-2 0,226400 9.067600 0.570560 0.725760 0.051600 
0.8407e-3  0.2309e-2 0.225000 9.398400 0.546760 0.708440 0.062960 
0.627]e-3  0.2270e-2 0.223700 8.952400 0.523600 0.692200 0.873520 
0.8143e-3  0.2234e-2 — 0.2224e0 8.5284e0 0.501800 0.677200 0.883400 
0.8022e-3  0.2199e-2 0.221200 8.125200 0.490600 0.663200 0.892700 
0.7445e-3 0.2039e-2 0.220100 7.741900 0.460300 0.650260 0.901400 
0.7344e-3 0.20100-2 0.219000 7.377300 9.440800 0.638100 0.909500 


0.3004e0 0.9000e-1 0.4492e-1 0.3001e-2 
0.298800 0.9000e-1 0.4209e-1 0.2784e-2 
0.297200 0.9000e-1 0.41900-1 0.27450-2 


9 0.295700 0.9000e-1  0.4172e-1  0.2700e-2  0.2708e-2  0.7248e-5 9.219000 7.030760 0.422100 0.626600 0.917200 
10 0.294300 0.9000e-1  0.4155e-1  0.2673e-2  0.2673e-2  0.7157e-3 0.217000 6.700800 0.404100 0.616300 0.924400 
11 0.252590 0.9000e-1  0.4135e-1 0.2640e-2  0.2640e-2 0.7072e-3 0.19330-2 0.216100 6.387100 0.386800 0.606600 0.931300 
12 0.2916e0 D.9000e-1  0.4123e-1  0.2609e-2 0.2609e-2  0.6991e-3 0.1910e-2  0.2152e0 6.0887e0 0.3703e0 0.5975e0 0.9377e0 
13 0.290400 0.9000e-1  0.4109e-1  0.2579e-Z2  0.2579e-2  0O0,.6914e-3  0.1900e-2 0.214300 5.904900 0.354400 0.589100 0.943800 
14 0.209240 0.9000e-1 0.2551e-2  0.2551e-2  0.6842e-3  0.1967e-2 0.213500 5.534500 0.339200 0.591200 0.949560 
15 0.260100 0.90008-1 0.2525e-2 0.25250-2  0.6773e-3  0.10404-2 0.212600 5.277600 9.324600 0.573900 0.955000 
16 0.207060 0.9000e-1  0.4068e-1  0.2500e-2 2  0,67096e-3 0.102%-2 0.212000 5.032: 0.310700 0.5671e0 0.960200 
17 0.286600 0.900001 0. 408€e-1 0.2476e-2 — 0.2476e-2  0.6647e-3 =O. LAL len? 0.211300 4.500060 0.297300 0.560760 0.968100 
18 0.2850e0 0.9000e-1  0.4045e-1  0.2454e-2  0.2454e-2 0.658%e-3  0D.1795e-2  0.2107e0 4.5783e0 0.284400 0.5548e0 0.969800 
is 0.284100 0.90000-1 0.4034e-1 0.2432e-2  0.2432e-2  0.6533e-3  0.1779e-2 0.210090 4.367400 0.2722e0 0.5493e0 0.974200 
20 0.293200 0.9000e-1  0.4023e-1  0.2412e-2 0.6481e-3  0.1764e-2 — 0,209490 4.166400 0.260400 0.544200 0.970500 
21 0.2623e0 0.90000-1 0.2393e-2 0.6431e-3  0.1750e-2 0, 208800 0.249100 0.539 0.962500 
22 0.281800 06.5000a-1 0.2315e-2 0.6384e-3  0.1736a-2 0.208360 0.238400 0.834900 0.986400 
23 0.280780 0.9000e-1 0.4001e-1 0.2365e-2 0.6368e-3  0.1729e-2 0.207900 3.619600 0.227900 0.$307e0 0.990100 
24 0.322000 0.9000e-1 0.5037o-1 0.38180-2 0.1014e-2  0.2805e-2 0.236000 1.136400 0.6303e-1 0.478700 1.000000 
Bracing Menber Parameters 

Segment HL RF A Ix I xy I min à min Ler lambda b Phi chi 
1 0.1900e0 0.7000e-1 0.9704e-2 — 0.0589e-4 0.00000e0 — 0.8589e-4 0.93700-1 1.049701 1.466300 1.790300 0.354900 


0.107580 6.7000e-1 0.6319e-2  0.2540e-4 
3 0.102300 0.7000e-1 0.6101e-2  0.2324e-4 
4 0.1050e0 0.7000e-1  0.6214e-2  0.2434e-4 0.3038e-4 0.00000e0 — 0.2434e-4 0.625% 
5 0.1070e0 D.7000e-1  0.6298e-2  0.2519e-4  0.3207e-4  0.00000e0  0.2519e-4 0.6324 
6 
? 
6 


0.0000000 0.25400-4 0.63400-1 1.005361 2.075280 2.971960 0.196180 
0.00000e0  0.2324e-4 — 0.6172e-1 3.630700 2.042100 2.898300 0.201800 
-1 8.228400 1.8296e0 2.6558e0 0.2232e0 
-1  8.8455e0 1.830500 2.4527e0 0.2448e0 
-1  $.4908e0 1.6929e0 2.1868e0 0.2900e0 
"Li 8.133760 1.574690 1.973400 0.316200 


0.1140e0 0.7000e-1 0.6592e-2 0.2834e-4 0.3847e-4 0.00000e0  0.2834e-4 0.6556 
9.120000 O.70000-2  0.6044e-2  0.2129e-4 0.44600-4 —0.00000e0  0.2129e-4 0.6760 


0.126! 0.7000e-1  0,2096e-2  0.3446e-4  0.5135e-4  0.00000e0  0.3446e-4  0.6969e-1 —7,8032e0 1.465580 1,7990 0.355280 
kJ 0.131000 0.2000e-1 0.230€e-2  0.3730e-4  0.5746e-4  (0.00000e0  0.13730e-4  0.7145e-1 7.466500 1.371700 1.640000 0.393900 
10 0.1370e0 0.7000e-1  0.7558e-2  20.4094e-4 0.6545e-4 — 0.00000e0  0.4094e-4 — 0.7360e-1 — 7.1887e0 1.278400 1.5004e0 0.437400 
1i 0.142000 0.7000e-1  0.7768e-2 0.7263e-4 — 0.00000e0 — 0.4417e-4 6.903300 1.198100 1,3873e0 0.479200 
12 0.147080 0.70000-1 0.7979«-2 0.9033e-4 0.0000000  0.4760e-4 6.631400 1.123500 1.209260 0.521300 
13 9.151 9. 7000e-1 0.91469-2 — 0.5049e-4 — 0.9696€-4 — 0.00000€0 — 0,5049e-4 6.372460 1.099200 1.207200 0.559900 
14 0.1560e0 0.7000e-1  0.0356e-2  0.5420e-4  0.9552e-4  0.00000e0  0.5420e-4 6.125600 0.994760 1.129060 0.600480 
15 0.160000 6.7000e-1 0.8524e-2  0.5746«.4 — 0.1028e-3  0.00000e0  0.574€a-4 5.890600 0.939000 1.066500 0.636100 
16 0.164000 0.7000e-1  0.8692e-2  0.6078e-4 0.1105e-3 0.00000e0 0.6078e-4  0.8362e-1 8.6668e0 0.886520 1.0101e0 0.6696e0 
17 0.1680e0 0.7000e-1  0.8860e-2  0.6424e-4 — 0.1186e-3  0,.00000e0  0,6424e-4 O,8515e-1  5.4534e0 0,8362e0 0.9598e0 0.7006e0 
19 9.171060 0.7000e-1  0.0996e-2  0.6692e-4 0.12490-3  0.00000e0  0.66920-4 —0.9630€-1 4.250000 0.196200 0.918500 9. 7269.0 
19 0.175060 0.7000e-1  0,.9154e-2  0.7063e-4 0.1337e-3  0,.00000e0 0,.7063e-4 0.97ġ4e-1 5.056300 0.753300 0.077080 0.752860 
20 0.178000 0.7000e-1 $0.5280e-2  0.7351e-4  0.1405e-3  0.00000e0  0.7351e-4  0.8500e-1 4.871600 0.716300 0.844400 0.774400 
21 0.181060 0,7000e-1 0.9406e-2  0.?649e-4 — 0.1475e-3  0,00000e0  0.2648e-4  0.9017e-1 4.695600 0.601500 0.514100 0.794000 
22 0.184000 0.7000e-1 0.9532e-2  0.7953e-4  0.1548e-1  0.00000e0  0.7953e-4  0.9134e-1 4.527800 0.648700 0.786700 0.811800 
23 0.224400 0.7000e-1  0,1123e-1  0.1297e-3  0.2775e-3  0.00000e0  0.1297e-3 0.1075e0 4.3679e0 0.532000 0.697900 0.8698e0 
24 0.190000 9.7000e-1 0.9)784e-2 — 0.9599e-4 — 0.1701e-3  0.00000e0  0.8509e-4 — 0.9370e-1 4.215400 0.596990 0.139490 0.942600 


14.25 Rotatable Inclined Lattice Tower 147.6 m 
Utilizations 

The following figure shows the extreme member utilization due to tower wind drag, of the 

rotatable inclined lattice tower with Hy = 147.6 m according to Table 10.1. Note that this 


tower has asymmetrical tower top dimensions, wherefore an additional case of sidewise wind 
attack was introduced. 
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14.25 Rotatable Inclined Lattice Tower 147.6 m Utilizations 


Maximum utilizations of all DLCs over their different wind speeds, wind directions, and random 
seeds are presented in the following diagrams. 
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Table 14.5: Member yield strength and buckling utilizations of DLCs 1.1, 1.3, 1.4, 1.5, 2.1, and 2.3 of the 147.6 m 
high RILT 
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Table 14.6: Member yield strength and buckling utilizations of DLCs 3.1, 3.2, 3.3, 4.1, 4.2, and 5.1 of the 147.6 m 


high RILT 
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: zd 3 m : 
7 
3 En 
DLC 6.1 DLC 6.2 
DLC 6.3 DLC 6.4 
DLC 7.1 


Table 14.7: Member yield strength and buckling utilizations of DLCs 6.1, 6.2, 6.3, 6.4, and 7.1 of the 147.6 m high 
RILT 


The following figure shows the lifetime damage of the rotatable inclined lattice tower with 
Hy = 147.6 m according to Table 10.1. All assumptions were the same as for the RILT with 
Hr = 87.6 m height. 
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